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ABSTRACT

Despite the urgent and broad need to develop new treatments for myocardial
infarction (MI) and heart failure (HF), drug treatment to revert these pathologies has
not evolved significantly over the last two decades. A key aspect underlying the
epidemic burden of MI is the incapacity of the cardiac muscle to undergo
regeneration in adult life. Damaged cardiac tissue typically results in irreversible loss
of cardiomyocytes (CMs) with relative fibrosis and scarring. Although the massive
effort so far made in trying and developing cardioprotective therapies, effective

treatments have not been identified yet.

To systematically identify novel cardioactive biologicals, the Molecular Medicine
Laboratory at ICGEB Trieste has generated a library of 1198 barcoded AAV vectors
encoding for the mouse secretome and developed cardiac FunSel (cFunSel), a
method for their in vivo unbiased selection ranking these factors for efficacy against
MI. This strategy is based on the FUNctional SELection of molecules of interest
without a priori knowledge on their function. After an iterative selection in mice
subjected to MI, this method led to the identification of novel cardioactive proteins
for which no information is currently available nor study has been performed relative

to cardiac biology.

Among the selected hits identified by cFunSel, we focused our attention on Fam3c,
a small, secreted protein ubiquitously expressed in all tissues with still unknown
cardiac function. In vivo, cardiac Fam3c overexpression protected the heart after
MI, preserving cardiomyocyte viability, sustaining ejection fraction, and preventing
pathological remodelling. Fam3c overexpression in cardiomyocytes induced
protective cardiac autophagy and decreased cardiomyocyte apoptosis in an in vitro
model of cardiotoxicity. Moreover, Fam3c induced cardiomyocyte specific STAT3
activation in a Leukemia Inhibitory Factor receptor (LIFR)-complex dependent way.
Although STAT3 participates in a well-known cardioprotective pathway, we
demonstrate here that Fam3c induced autophagy is not mediated by STAT3

activation.



Fam3c, both expressed by cardiomyocytes and cardiac fibroblasts, was upregulated
in an engineered heart tissue (EHT) model of cryoinjury and in the early phases after
MI in mice. Fam3c upregulation upon cardiac injury is consequent to the upstream
activation of TGF-B pathway and may reveal a new physiological mechanism to
protect myocytes against acute ischemic damage, which can be exploited for

therapeutic purposes.



1. INTRODUCTION

1.1 Cardiovascular disorders

1.1.1 Epidemiology

According to The World Health Organization (WHO), cardiovascular disorders
(CVDs) are the first cause of death worldwide, taking an estimated 17.9 million lives

each year.

As reported by the Global Burden of Disease Study 2019, 16% of the world total
deaths are due to ischemic heart disease, followed by stroke and chronic obstructive
pulmonary disease, second and third leading cause of death responsible for 11%
and 6% of global deaths, respectively. Ischemic heart disease, also called coronary
heart disease (CHD), is a pathological condition characterized by reduced blood
flow supply to the cardiac tissue.

Since 2000, a massive increase has been reported in the number of deaths caused
by CHD, rising by more than 2 million to 8.9 million deaths in 2019 (see Fig. 1).
Furthermore, this burden of disease is expected to get worse in the next years. The
WHO estimated that, by 2030, almost 23.6 million of people will die from CVDs.
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Figure 1: Leading causes of death globally. From WHO Global Health Estimates.

Among all different CVDs, myocardial infarction (Ml) is the most clinically relevant
condition. M| occurs when there is a decrease in the coronary blood flow, which
results in deficient of nutrients and oxygen supply to the cardiac tissue. During M,
as a consequence of tissue damage, the heart can lose as many as 25% of the cells
that are present in the left ventricle (Murry, Reinecke, & Pabon, 2006). This massive
CMs loss is not accompanied by a sufficient renewal that would be required to
compensate for this sudden cell death. By '“C-carbon dating, the regenerative
capacity of the normal adult heart was estimated to be less than 50% renewal in 70-
year lifetime (Bergmann et al., 2009). The sudden loss of CMs during the adult life

is a key aspect underlying the impact of Ml and, more in general, heart failure (HF).
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1.2 Molecular mechanisms of cardiomyocyte death

1.2.1 Overview of different types of cell death

The dynamic balance between cell death, proliferation, survival and differentiation
is the key process that controls the development and tissue homeostasis of
multicellular organisms. At a single cell level, all these events are essential and
become even more important in pathological conditions. Both progressive and acute
cell death are hallmarks of cardiac pathological conditions, including HF, MI and
ischemia reperfusion injury. Recently, more than ten different types of cell death
have been identified (Galluzzi et al., 2018). Among these, apoptosis, necrosis and
autophagic cell death are considered the most common forms observed during the

progression of heart disease (Whelan, Kaplinskiy, & Kitsis, 2010).

1.2.2 Apoptosis

Apoptosis is the most studied form of cell death. The word apoptosis, a Greek term
that means “falling leaves in autumn”, was first used in 1972 to describe
programmed cell death (Kerr, Wyllie, & Currie, 1972). Apoptosis can be induced by
different cell stresses that stimulate pro-apoptotic signalling pathways resulting in
the activation of the caspase proteases. Alteration in cell morphology, shrinkage of
the cell, genomic DNA fragmentation, fragmentation into membrane-bound
apoptotic bodies and rapid phagocytosis by neighbouring cells are considered its
hallmark since many years (Kerr et al., 1972; Wyllie, 1980). Based on molecular

mechanism of activation, apoptosis is divided into intrinsic and extrinsic apoptosis.

Intrinsic apoptosis is activated by both exogenous and endogenous stimuli, such as
DNA damage, ischemia and oxidative stress. Mitochondria are the principal
organelles involved in mediating this process. As well as other different cell types,
CMs express various members of the B cell ymphoma-2 (Bcl-2) family proteins. Bcl-
2 proteins induce mitochondrial translocation of the pro-apoptotic proteins Bax and
Bak. This event causes mitochondrial membrane permeabilization, which leads to
cytoplasmic release of cytochrome C. In the cytoplasm, cytochrome C forms a
complex with apoptotic protease activating factor 1 (Apaf1) and the inactive form of

5



caspase-9, resulting in the initiation of caspase cascade reactions (Hutt, 2015). This
complex, through adenosine triphosphate (ATP) hydrolysis, cleaves and activates
caspase-9, which in turn cleaves and activates the downstream effector caspases-
3 and -7, thereby executing programmed cell death. Among the Bcl-2 family
members, anti-apoptotic and pro-apoptotic Bcl2 proteins have been shown to be

transcriptionally regulated in heart disease (Condorelli et al., 1999).

On the other hand, extrinsic apoptosis is mainly regulated by death receptors: Fas
cell surface death receptors (Fas), Tumor Necrosis Factor receptors (TNF) and
TNF-related apoptosis-inducing ligand (TRAIL) receptors. Extrinsic apoptosis
initiation is ruled by the binding of the ligand to its respective receptor with the help
of adapter proteins. These receptors share a death domain of approximately 80
amino acids long that plays an essential role in transmitting the death signal to
intracellular signalling pathways (Tartaglia, Ayres, Wong, & Goeddel, 1993). Death
ligands, their receptors and different pro-apoptotic proteins form the death-inducing
signalling complex (DISC), responsible for the induction of the caspase cascade.
The DISC complex recruits and activates the initiator caspase-8 which in turn
cleaves and activates the executioner caspase-3, leading the apoptotic signal
(Barnhart, Alappat, & Peter, 2003). Moreover, the activation of caspase-8 can also

trigger intrinsic apoptosis.

Fas, TNF receptor | and TRIAL are expressed in CMs, and their involvement in
cardiovascular pathology has already been shown (Whelan et al., 2010). Several
studies have reported decreased levels of TRAIL in patient with Ml (Mori et al., 2010;
Osmancik, Teringova, Tousek, Paulu, & Widimsky, 2013), suggesting that this is as

a potential marker of prognosis for these patients.

Fig. 2 reports a schematic representation of both intrinsic and extrinsic apoptosis

pathways.
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Figure 2: Overview of apoptosis. Apoptosis can be mediated by extrinsic and intrinsic pathway.
The extrinsic pathway is activated by the binding of a death ligand to its receptor, which triggers the
formation of the DISC complex. The DISC complex activates caspase-8, which results in activation
of the downstream signalling cascade. The intrinsic pathway can be activated by both extracellular
and intracellular stimuli that induce mitochondrial translocation of the pro-apoptotic proteins Bax and
Bak. These events lead to mitochondrial membrane permeabilization and the release of cytochrome
¢ into the cytoplasm. Cytosolic cytochrome c activates procaspase-9, which cleaves and stimulates
caspase-9. At last, this triggers the downstream caspase-3, resulting in programmed cell death.
From: (Whelan et al., 2010).

1.2.3 Necrosis

Unlike apoptosis, necrosis is another cell death process with different features. It
results from the disruption of cellular membrane integrity, ATP depletion and
consequent relative dysregulation of ion and water balance between intracellular
and extracellular space. As a result of cellular membrane dysfunction, necrotic cells
become swollen with concomitant swelling of mitochondria. These pathological
events lead to membrane rupture and the release of cellular components, which
induces an inflammatory response. In the past few decades, necrosis has been
considered as a passive and non-regulated cell death process. Even though a great

proportion of necrotic cell death is passive, regulated necrosis has also been shown
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to exist and to be an important component of CVDs such as MI, HF and stroke. The
execution of necrotic cell death could also be a finely regulated process by a set of
signal transduction pathways and catabolic mechanisms (Golstein & Kroemer,
2007). These regulatory mechanisms are mainly classified into one of two pathways:
mitochondrial mediated necrosis and death-receptor dependent necrosis, also

called necroptosis.

During an ischemic condition such as MI, ATP depletion is followed by a shift from
cardiac mitochondrial oxidative metabolism to anaerobic glycolysis with consequent
increase of H* and Na*. As illustrated in Fig. 3, cytoplasmic acidification results in
the activation of proteases and a massive increase of water that generate lysosomal
swelling, rupture of its membrane and activation of more proteases involved in the

process.
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Figure 3: Necrosis pathway in cardiomyocytes. During stress condition, ATP depletion inhibits
the action of cellular pumps with a consequent increase of intracellular levels of H* and Na*. The
sodium-calcium exchanger operates in reverse manner and provokes an increase of Ca2* in the
cytoplasm and in the mitochondrial matrix. High levels of mitochondrial Ca?* together with elevated
levels of ROS cause mitochondrial permeability transition pore (MPTP) opening and consequent
necrosis. Adapted from: (Chiong et al., 2011).
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In addition, inhibition of cellular pumps by ATP depletion can also result in a
decrease in intracellular pH. In response to elevated Na*, the sodium-calcium
exchanger operating in reverse mode is less efficient in removing intracellular Ca?*
and provokes an increase of cytoplasmic Ca?* that is transported into mitochondria.
Increased level of Ca?* in mitochondrial matrix compromises electron transport
chain, elevates levels of reactive oxygen species (ROS) and causes long-lasting

opening of mitochondrial permeability transition pore (MPTP) resulting in necrosis.

1.2.4 Autophagy

Although autophagy, together with necrosis and apoptosis, is an important
mechanism that contributes to regulate cellular homeostasis, it is mainly described
as a pro-survival mechanism. Autophagy is a highly conserved process among
species and cell types, and it is primarily activated under stress conditions. Its main
function is the recycling of dysfunctional organelles and damaged cellular

components that are degraded by the lysosome.

Mainly three types of autophagic responses have been identified: chaperone-
mediated autophagy (CMA), microautophagy and macroautophagy (Levine &

Kroemer, 2008), as shown in Fig. 4.

CMA is a multi-step selective process through which cytosolic proteins carrying the
KFERQ-like pentapeptide motif are delivered to lysosomes for degradation (Dice,
1990). Recognition of substrate proteins takes place in the cytosol through the
binding of a constitutive chaperone, the heat shock-cognate protein of 70 kDa
(HSC70), to the pentapeptide motif present in the amino acid sequences of all CMA
substrates (Cuervo & Wong, 2014). Once bound to the chaperone, the substrate is
targeted to the surface of the lysosomes, where it interacts with the cytosolic tail of
the lysosomal-associated membrane protein 2A (LAMP-2A) (Cuervo & Dice, 1996).
This binding promotes LAMP-2A multimerization into a higher-molecular-order
complex at the membrane, where, after unfolding, the substrate is translocated into

the lysosome and degraded by acidic hydrolases (Kirchner et al., 2019).

Microautophagy, first proposed by de Duve and Wattiaux more than 50 years ago,

is a degradative process through which autophagic cargoes are directly taken up by
9



lysosomes and late endosomes through membrane invagination and degraded in
the endolysosomal lumen (De Duve & Wattiaux, 1966; L. Wang, Klionsky, & Shen,
2022). Microautophagy can be both unselective and cargo-specific depending on
the cellular context. While non selective microautophagy is involved in the
degradation of randomly sequestered portions of cytosol (Mijaljica, Prescott, &
Devenish, 2011), selective microautophagy is involved in the degradation of specific
organelles:  mitochondria  (micromitophagy), nuclei (micronucleophagy),
peroxisomes (micropexophagy) and endoplasmic reticulum (microreticulophagy) (L.
Wang et al., 2022).

Macroautophagy (hereafter referred to as autophagy) is the most studied form of
autophagy. Its molecular mechanism involves several conserved autophagy-related
(Atg) proteins. At the initial step, the Unc-51-like kinase 1 (ULK1), focal adhesion
kinase family interacting protein of 200 kD (FIP200), Atg13, and Atg101 are
combined to form the Atg1 complex, which subsequently triggers the assembly of
Beclin-1, Atg14, VSP15, and VSP34 comprising the Class Il phosphatidylinositol 3-
hydroxy kinase (PI13K) complex (D. Wu, Zhang, & Hu, 2019). Although autophagy is
evolutionarily conserved across species (Schultz, Byman, Fex, & Wennstrom,
2017), Atg13 is not present in mammals and Atg1 associate with the Atg8
orthologues microtubule-associated protein light chain 3 (LC3). The PI3K complex
is responsible for the membrane nucleation process generating an isolation
membrane called phagophore. The phagophore then surrounds the material
destined to be degraded creating the spherical double layer membrane termed
autophagosome. Upon autophagy stimulation, the cytosolic form of LC3 (LC3-I) is
conjugated with phosphatidylethanolamine to form LC3-phosphatidylethanolamine
conjugate, which will be recruited to the autophagosomal membrane (LC3-I1). Once
the autophagosome is formed, it fuses with the lysosome leading to formation of the
autolysosome, a single membrane structure. This event induces the release of the
cargo into the acidic lysosomal environment. The degraded autophagic cargo is then
transported back into the cytoplasm where it will be used by the cell in biosynthetic

processes or to produce energy (Yorimitsu & Klionsky, 2005).
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Figure 4: Overview of autophagy. During macroautophagy (a), molecules to be degraded are
surrounded by a sequestering membrane termed “phagophore”. The phagophore, after expansion,
acquires a spherical shape to generate the autophagosome, a double membrane vesicle. The
autophagosome fuses first with the late endosome and then with the lysosome to generate the
autolysosome, the compartment where autophagic cargoes are degraded. During chaperone-
mediated autophagy (b), cytosolic proteins carrying the KFERQ-like peptide motifs are recognised
by chaperone proteins, delivered to the lysosome through lysosomal-associated membrane protein
2A (LAMP2A) and degraded within the acidic environment. During microautophagy (c), molecules to
be degraded are directly sequestered by lysosomes and late endosomes. The autophagic cargoes
are then degraded in the endolysosomal lumen. Adapted from: (L. Wang et al., 2022).

In post mitotic cells, such as CMs, the interplay between autophagy and cell death
is a crucial process. Under ischemic condition, a decrease in autophagy leads to
abnormal organelles and protein accumulation, thereby promoting apoptosis and
necrosis. Since recycling of organelles is a strategy to survive in an environment
poor of nutrients and oxygen such as the myocardium after Ml, the role of autophagy

supporting CM survival becomes essential. In a mouse model of MI, autophagy has
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been shown to be induced in the acute phase while impaired in the later phase (X.
Wu et al.,, 2014). In the same study, the significance of impaired autophagy was
evaluated upon treatment with the autophagy enhancer rapamycin or autophagy
inhibitor 3-methyladenine (3MA). Rapamycin improved postinfarction cardiac
remodelling and dysfunction, while 3MA exacerbated it. Similar results were also
observed in a rat model of Ml in which rapamycin administration reduced the infarct
size and ameliorated cardiac function (Aisa et al., 2017). Moreover, administration
of bafilomycin A1, an autophagy inhibitor, significantly increased the infarct size in
a mouse model of MI, while starved mice, in which nutrient deprivation stimulates
autophagy, showed reduced infarct size (Kanamori et al., 2011). Interestingly, in
adult mice the cardiac-specific deficiency of autophagy-related 5 (Atg5) led to left
ventricular dilatation, contractile dysfunction and sarcomere disorganization (Nakai
et al., 2007).

This evidence indicates that autophagy is an innate and essential process involved
in the protection of myocytes against an ischemic insult. For these reasons, acute
induction of autophagy has recently been considered a novel strategy for treating
MI (Przyklenk et al., 2011).

1.3 Counteracting cardiomyocyte death

1.3.1 Pre- and post-ischemia conditioning

Despite the large efforts that have been made over the last years to treat MI, the
restoration of blood flow to the ischemic zone is the only effective way to counteract
ischemic damage. The restoration of blood and oxygen to injured cardiac tissue is
essential to avoid massive cellular death, however, reperfusion causes itself CM
death by inducing sudden oxidative stress (Ambrosio & Tritto, 1999), leading to the

so-called ischemia reperfusion injury.

Reperfusion consists in the process of restoring blood flow to the ischemic region

and can take place spontaneously or can be induced by invasive procedures
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through different strategies. Among these, primary percutaneous coronary
intervention (PCI), as recommended by the European and American guidelines, is
the preferred reperfusion strategy in patients with myocardial infarction (Ibanez et
al., 2018).

Protection of the myocardium against ischemia reperfusion injury can be obtained
by conditioning protocols that consist in applying few periods of short coronary
occlusion and reperfusion immediately preceding or following Ml (ischemic pre- and

post-conditioning, respectively).

Already in 1986, Murry and colleagues (Murry, Jennings, & Reimer, 1986) reported
that pre-conditioning ischemia can reduce infarct size. This approach not only
reduces CM death and endothelial dysfunction, but also contributes to the
modulation of inflammatory response. The beneficial effect that follows ischemic
pre-conditioning seems to be related to the release of various molecule which can
trigger intracellular cardioprotective pathways (Hausenloy & Yellon, 2008). Although
the cardioprotective effect induced by ischemic pre-conditioning is remarkable, it
can only be clinically useful in patient with programmed cardiac-surgery
interventions but unusable in patient with MI, since it must be performed prior to

ischemia.

Myocardium is subjected to brief cycles of occlusion and reperfusion also in the case
of post-conditioning. In this scenario, these actions are performed at the onset of
reperfusion immediately after the blood flow restoration that follows the long period
of ischemia. Similar to pre-conditioning, post-conditioning has also been shown to
be protective against ischemia reperfusion injury. Post-conditioning has been
reported to induce a reduction of infarct size, CM death and endothelial dysfunction
(Penna et al., 2006; Z. Q. Zhao et al., 2003).

Without considering mechanical application, pre- and post-conditioning can be
induced through a pharmacological approach with similar cardioprotective results in
animal models. As far as pharmacological pre-conditioning is concerned, this can
be achieved by using a range of different pharmacological agents, responsible to
activate signalling cascades that can mimic ischemic pre-conditioning (Yellon &

Downey, 2003). Concerning pharmacological post-conditioning, this can be induced
13



in the first minutes of blood flow restoration through the infusion of molecules
already known to induce pre-conditioning (Penna, Mancardi, Raimondo, Geuna, &
Pagliaro, 2008).

Both pre- and post-conditioning can be obtained by a remote approach. This
procedure, so called remote ischemic pre- or post-conditioning, consists in the
application of a transient and brief ischemic stimulus to a distant site from the heart,
before and after reperfusion respectively. These procedures were also proven to
protect the heart against ischemia and reperfusion injury (Bell & Yellon, 2012;

Ludman, Yellon, & Hausenloy, 2010).

Unfortunately, these observations were not successfully translated into clinical
application yet (Hausenloy et al., 2019). In addition, most of these studies were
focused on treatments that increase the viable myocardial immediately after MI,
essentially limiting CM death from sudden lack of oxygenation. However, the need
to support the heart several hours later is tremendously important. In this phase, the
extent of perfusion and collateral flow formation, as well as the efficiency in removal
of dysfunctional organelles and activation of intracellular protective pathways, are
essential to determine viability of the myocardium. These events, which are
commonly activated several hours after an acute ischemic event, determine the fate
of a large number of CMs in the so-called area-at-risk, for which the destiny is still
uncertain. Indeed, this area can be as large as 88% of the original infarcted region
(Lee, Ideker, & Reimer, 1981).

Since the adult heart has a limited capacity for regeneration and repair, it is essential
to support and enhance CM survival after an ischemic insult to restore and maintain

a proper cardiac contractile function.

1.3.2 Standard treatment regimens for myocardial infarction

Despite the urgent and broad need to develop new treatments for Ml and HF, drug
treatment for these conditions has not evolved significantly over the last two
decades. Standard of care now includes angiotensin converting enzyme (ACE)
inhibitors, angiotensin receptor blockers (ARBs), beta-blockers, mineralocorticoid

receptor antagonists, ivabradin and, more recently, combined ARB-neprilysin
14



inhibitors (ARNIs-sacubitril/valsartan) and SGLT2 inhibitors (gliflozines); as
reviewed by Heidenreich and colleagues (Heidenreich et al., 2022). Most of these
drugs have been originally developed several decades ago, with the most recent
one, the angiotensin Il receptor blockers, dating back to the mid-1990s (Gottlieb et
al., 1993). Equally surprising is the observation that not a single biological drug
(protein, peptide, antibody, nucleic acid) exists for a condition that is as prevalent as
HF (Packer, 2018). Although a remarkable progress in the clinical management of
patients and the use of ventricular assist devices (Birks, 2013), the prognosis of HF
remains poor. The mortality has been estimated at 6-7% at one year in patients with
chronic HF to raise to up to 25% or more in hospitalized patients with acute HF
(Crespo-Leiro et al., 2016).

1.4 Biotherapeutics

1.4.1 Overview of biotherapeutics: a new approach in modern medicine

Over the last decades, and even more in the current years, biotherapeutics have
represented an essential component of modern medicine. Biotherapeutics or
biologicals are therapeutic agents (DNA, RNA, peptide, protein) produced from a
biological source or consisting in a biological molecule obtained synthetically. In the
early 70s, a vast progress in the recombinant DNA techniques, including
recombinant protein production, opened the door to a new strategy for the treatment
of different pathologies. Using genetically engineered bacteria, yeast or mammalian
cells, it has been possible to produce a large amounts of biological active human
proteins. In 1982, the approval of recombinant human insulin has drastically
improved the quality of life of diabetic patients. In the following years, recombinant
proteins have revolutionized the treatment of a variety of disease in areas such as
oncology, inflammatory and autoimmune diseases, hemophilia, cardiovascular
disease, infectious diseases and rare genetic diseases (Zhong, Neumann, Corbo,

& Loh, 2011). Currently, protein biotherapeutics occupy a large portion of the market
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with more than 130 proteins, 140 peptide-based therapeutics and around 500
peptides in preclinical development (Haranath Chinthaginjala, 2021).

1.4.2 Biological therapies for cardioprotection

Cardioprotection includes all mechanisms that contribute to the preservation of the
heart by reducing or even preventing myocardial damage (Kubler & Haass, 1996).
Itis based on the use of proteins, cells or genes to support cardiac function, reducing
CM death and therefore limiting the detrimental cardiac remodelling occurring upon
CM loss (Schwartz Longacre et al., 2011). Proteins, specially secreted proteins, are
attracting more and more attention as target for therapeutic intervention since they
can be properly dosed and easily administered through different delivery method

such as subcutaneous, intravenous and intramuscular administration.

In the cardiac therapy field, not a single biological therapy exists today for any
clinical application, ranging from cardioprotection, to therapy of HF and including
cardiac regeneration. However, a few strategies have been attempted specifically
for cardioprotection, based on recombinant factors. Among these the most

extensive studies were with erythropoietin and relaxin.

Recombinant human erythropoietin (EPO) administration has shown a powerful
cardioprotective  effect in both permanent coronary ligation and
ischemia/reperfusion model (Lipsic et al., 2006; Moon et al., 2003). However, results
from clinical trials of patients with acute Ml did not confirm the beneficial effect

observed in animal studies (Belonje et al., 2008; Steppich et al., 2017).

Relaxin, a peptide hormone involved in the hemodynamic and renovascular
adaptive changes occurring during pregnancy (Teichman et al., 2009), was thought
to be a potential new treatment for HF. Pre-clinical studies with Serelaxin, the
recombinant human form of relaxin-2, was shown to attenuate myocardial damage
in mouse subjected to myocardial infarction (Valle Raleigh et al., 2017). In virtue of
these promising pre-clinical studies, Serelaxin has undergone several clinical trials
for chronic and acute failure (Ghosh et al., 2017). In the RELAXIN in Acute Heart
Failure (RELAX-AHF), double-blinded, placebo-controlled trial, investigators found

an improvement of dyspnoea relief with a 48-hour infusion of Serelaxin in the first 5
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days, but the trial did not meet its secondary endpoint of cardiovascular death or
hospital readmission for cardiac or renal failure (Teerlink et al., 2013). However, in
patients treated with Serelaxin, a significant reduction in cardiovascular mortality at
day 180 and a reduced worsening HF at 5 days was reported. To better evaluate
the effect of this protein, another clinical trial was performed (RELAX-AHF-2).
Surprisingly, RELAX-AHF-2 did not replicate the benefit of Serelaxin with respect to
cardiovascular mortality that was seen in the previous RELAX-AHF-trial (Teerlink et
al., 2013).

Various factors have probably contributed to these failures. First of all, most of pre-
clinical experiments have been performed on young and healthy animals while
ischemic heart disease affects patients above 50s, whose coronary artery can
present both atherosclerosis and endothelial dysfunction, not present in animal
models (Hausenloy et al., 2010; Heusch & Gersh, 2017). Furthermore, the presence
of co-morbidities in patients affected by CVDs already under several medications,
may have interfered with the cardioprotective treatments (Heusch & Gersh, 2017).
Moreover, the time of medical intervention after symptoms onset dramatically impact
on the cardioprotective effect. In fact, if reperfusion occurs in the first 30 minutes
from symptom onset, its benefit could overcome the action of any additional therapy.
On the other hand, if reperfusion happens after 4 hours or longer, only a limited

portion of myocardium can be saved (Heusch & Gersh, 2017).

Finally, all the tested potential therapeutical agents have been first identified in vitro,
and only after validation were evaluated in vivo in animal models. In vitro conditions
cannot reproduce all the possible interactions of living organisms, thus the in vitro
selected molecules may fail or result inefficient in vivo due to unexpected effects.
All these limitations have contributed to the failure of novel therapies into clinical

trials.

Consequently, there is an urgent need to identify new chemical/biological molecules
that can protect CMs immediately after Ml and throughout reperfusion. The

achievement of this approach would be of immense therapeutic value.
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1.5 In vivo functional selection of novel biotherapeutics

1.5.1 FunSel

Whit the aim to systematically search for factors able to counteract CM loss after
cardiac damage, including MI, the Molecular Medicine Laboratory (MML) at the
International Centre for Genetic Engineering and Biotechnology (ICGEB) has
developed a novel procedure for the in vivo functional selection of beneficial factors
that eventually could be used as therapeutics (Bortolotti et al., 2017; Ruozi et al.,
2015; Ruozi et al., 2022). This technique, which was named FunSel (Functional
Selection), is based on the use of adeno-associated virus (AAV) vectors, well
known to be exquisite tools for highly efficient CM gene transfer (Chu et al., 2003;
French, Mazur, Geske, & Bolli, 1994). In the past, the MML has generated an
arrayed library of cDNAs individually cloned into the pGi-AAV backbone. The library
corresponds to the mouse secretome and includes 1198 cytokines, growth factors,
hormones, chemokines, interleukins, extracellular matrix proteins, secreted
enzymes and other factors of unknown function encoded by the genome. The
coding portion of each cDNA is under the control of a constitutive CMV |IE promoter.
After the coding sequence, each vector contains a unique 10-nt barcode, which
univocally identifies each clone and that can be sequenced by Next Generation
Sequencing (NGS). To allow recombinant vector production, Inverted Terminal
Repeats sequences (ITRs) are present inside the pGi AAV-backbone. Fig. 5 shows

the structure of the AAV constructs.
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Figure 5: Schematic representation of the pGi vector plasmid used for the secretome library
generation. The primers to amplify the 10-bp barcode region are indicated by black arrows. The pGi
AAV backbone plasmid also contains two Inverted Terminal Repeats sequences (ITRs), essential
for recombinant AAV vector production. CDS: coding sequence. CMV |E: cytomegalovirus immediate
early promoter. From: (Ruozi et al., 2022).

Briefly, pools of 50 AAV9 vectors expressing different factors are injected into the
heart of adult mice at a multiplicity of infection (MOI) by which theoretically each
vector enters a different CM. To apply a selective stimulus, Ml is induced by left
descendent coronary artery ligation. Upon MI, most of CMs die due to the ischaemic

damage, but myocytes expressing protective factors selectively survive.

After three weeks, vector DNA is recovered from the survived myocardium and the
frequency of each factor is determined by barcode amplification through Next
Generation Sequencing using the lllumina platform. Vectors expressing factors
contributing to CM protection or regeneration are thus selected and become
enriched over the others, while vectors encoding detrimental factors are lost. An

outline of FunSel technique is showed in Fig. 6.
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Figure 6: Schematic illustration of FunSel. A pool of plasmids coding for different factors is used
to generate a Pool of AAV9 vectors, which are then administered to the heart; each vector transduces
different cardiomyocytes. Selection is then applied by inducing MI. After three weeks, barcoded
vector DNA is PCR-amplified and sequenced by next generation sequencing (NGS). Factors exerting
cardioprotective activity are relatively enriched. From: (Ruozi et al., 2022).

The in vivo screening of the entire FunSel library for selection after Ml was recently
completed. The top performers included proteins already reported to exert
cardioprotective action, such as Midkine (Mdk) (Sumida et al., 2010) and Relaxin-1
(RIn-1) (Martin, Romero, & Salama, 2019) and proteins for which no information is
currently available nor study has been performed relative to cardiac biology. These
last are two members of Family with sequence similarity 3 (Fam3), Fam3b and
Fam3c (Cao et al., 2005; Pilipenko, Reece, Choo, & Greinwald, 2004), Chordin-like
1 (Chrdl-1) (Nakayama et al., 2001), the NHL repeat-containing protein 3 (Nhlirc3)
(H. Chen et al., 2017) and the HtrA (Htra1) protein (Pallen & Wren, 1997).
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1.6 The FAM3 gene family

In 2002, searching for new cytokines, Zhu and colleagues identified a novel
cytokine-like gene family that was termed Family with Sequence Similarity 3
(FAM3). This comprises four genes: Fam3a, Fam3b, Fam3c and Fam3d (Y. Zhu et
al., 2002). Each of these genes encodes a protein of 224-235 amino acids in length
that has no homology with any known cytokine. As shown in table 1, the homology
at amino acid level between the different FAM3 proteins is 31.6-53.3%. The function
and mechanisms of action of this new class of family protein is still not completely
understood (Wilson, Robert-Cooperman, & Burkhardt, 2011; X. Zhang et al., 2018).
Crystal structure of Fam3b showed that the FAM3 family proteins exhibit a unique
B-B-a fold (Johansson et al., 2013), different from the originally predicted four-helix

bundles typical of cytokines.

Homology of the novel cytokine family members at

the amino acid level

FAM3A FAM3B FAM3C FAM3D

FAM3A --- 31.6 47.4 53.3
FAM3B --- 32.5 28.0
FAM3C --- 50.2
FAM3D ---

Table 1: Homology of the FAM3 protein family. Adapted from: (Y. Zhu et al., 2002).

Fam3a, Fam3b and Fam3c are considered as novel regulators of hepatic glucose
and lipid metabolism. Fam3a was shown to represses hepatic gluconeogenesis and
lipogenesis. Its overexpression in diabetic mice leads to improved glucose
intolerance, hyperglycemia and insulin resistance together with attenuated hepatic

glucose production and steatosis (C. Wang et al., 2014). Moreover, Fam3a protects
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mouse liver after ischemia reperfusion injury by activating the Akt survival pathway

and repressing inflammation and oxidative stress (Z. Chen, J. Wang, et al., 2017).

The Fam3b protein, also named PANCcreatic-DER-ived factor (PANDER) due to its
high expression in pancreatic islets (Cao et al., 2003), was found to be elevated in
the serum of diabetic patients and it negatively correlated to pancreatic B cell
function (Shehata, Kamal, ElI-Hefnawy, & EI-Mesallamy, 2017). Fam3b seems to act
differently according to cell types. In human colon cancer cells (HCT8, HCT116),
lung carcinoma cell (A549), microglia (N9) and muscle cell (C2C12), the knockdown
of Fam3b induced cell death through a p53-dependent pathway (Mou et al., 2013),
while its overexpression results in apoptosis in pancreatic a and B cells (Cao et al.,
2003; Yang et al., 2005). In a type Il diabetes mouse model, physical exercise leads
to a reduction in Fam3b liver expression with an increase in Fam3a protein (J. Li et
al., 2011; C. Wang et al., 2014), suggesting a crosstalk among FAM3 gene family
members in diabetic patients. Recently, the Fibroblast Growth Factor Receptors
(FGFRs) 1 to 4 were putatively identified as receptors for Fam3b (F. Zhang et al.,
2021). In the same study, Fam3b was shown to promote posterior axis development
in Xenopus embryos through the FGFR/ERK signalling pathway. The binding of

Fam3b to FGFR was also confirmed in mammalian cells (F. Zhang et al., 2021).

Fam3d is a gut-secreted protein, which is highly expressed in the mouse
gastrointestinal tract and was found to be regulated by nutritional status (de Wit et
al., 2012). The literature data about this protein is limited compared to the other
members of the family. In 2016, Fam3d was identified as a new endogenous
chemotaxis agonist for the formyl peptide receptors (Peng et al., 2016) and a
possible role in inflammation was proposed. Recently, deficiency in Fam3d was
shown to be associated with impaired integrity of the colonic mucosa, increased
epithelial hyper-proliferation, reduced anti-microbial peptide production and
increase sensitivity to chemically induced colitis associated with high incidence of
cancer (Liang et al., 2020). These last observations underline the essential role of

Fam3d in colon homeostasis.
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1.6.1 Fam3c

Human Fam3c gene is located on chromosome 7g31.31 and contains 12 exons. Its
protein product is a secreted protein that is processed at its N-terminus resulting in
a full-length 25 kDa molecule that can be reduced to 18 kDa (Csiszar et al., 2014;
Waerner et al.,, 2006). Four conserved cysteines stabilize the protein folding
generating covalent bonds between cysteine 58 and 86 and 64 and 221. Unlike the
other three FAM3 factors, Fam3c has an additional fifth cysteine (cysteine 58) which
is responsible for covalent self-association (Kral et al., 2017). Thanks to this
additional amino acid residue, Fam3c can exist as both monomer and covalent
dimer. The dimer form was demonstrated to be the active form responsible for
endothelial-mesenchymal transition (EMT) and cancer progression (Jansson et al.,
2017). The homology between human and rodent Fam3c is very high. As shown in
Fig. 7, blasting mouse Fam3c against the correspondent rat and human protein

sequence reveals 97% and 94% identity, respectively.

Fam3c has been shown to participate in different biological processes. These
include retinal laminar formation, Alzheimer’'s disease, bone density regulation,
hepatic glucose and lipid metabolism (H. Chen et al.,, 2017; Hasegawa, Liu,
Tooyama, Murayama, & Nishimura, 2014; Katahira, Nakagiri, Terada, & Furukawa,
2010). In 2006, Fam3c was identified as a key player in TGF-B-induced epithelial-
EMT, tumor formation and progression in late stage of carcinoma (Waerner et al.,
2006). Since Fam3c shows similarity to the interleukins and it is involved in EMT, it

is also called interleukin-like EMT inducer (ILEI).

520 FAM3C_HUMAN 1 MRVAGAAKLVVAVAVFLLTFYVISQVFEIKMDASLG LFARSALDTAARSTKPPRYKCGI 60
JO FAM3C MOUSE 1 MRVAGAAKLVVAVAVFLLTFYVISQVFEIKMDASLG LEARSALDSAIRSTKPPRYKCGI 60
: EAMBJ:RAT 1 MRVAGAAKLVVAVAVFLLTFYVISQVFEIKMDASLG: LFARSALDSAIRSTKPPRYKCGI 60

R krl—»**di'.*kt**#—fk:* EE
20 FAM3C_HUMAN € SKACPEKHFAFKMASGAANVVGPKICLEDNVLMSGVKNNVGRGINVAL NGKTGEVLDTK 120
JO FAM3C_MOUSE 6l SKACPEKHFAFKMASGAANVVGPKICLEDNVIMSGVKNNVGRGINTAL NGKTGEVIDTK 120
FAM3C_RAT 6l SKACPEKHFAFKMASGAANVVGPKICLEDNVLMSGVKNNVGRGINVAL 'NGKTGDVIDTK 120

ek ok e ok ok ok ok ok ke ok ok ke ok ke k ko k ok ok k ok ok ok kk ok k ok ko kokkk gk k  hokkokk sk ok kok
520 FAM3C_HUMAN 121 YFDMWGGDVAPFIEFLKAIQDGT IVLM -TYDDGATKL 'DEARRLIADLGSTSIT ILGFRD 1350
JO FAM3C MOUSE 121 FFDMWGGDVAPFIEFLKTIQDGTVVLM-TYDDGATKLT DEARRLIAELGSTSIT LGFRD 1:t0
FAM3C_RAT 121 YFDMWGGDVAPFIEFLKTIQDGTVVLM:  TYDDGATKLIEEARRLIAELGSTSIT LGFRD 120

sk kk ek ok ok ok ok ok k ok ok ok ok g ok k ko akokk ko kokokkokokk sk hkkkkkok g kkhokkokk  kok ok ok ok
20 FAM3C HUMAN 181 NWVECGGKGIKTKSPFEQHIKNNKDTNKYEGWPEVVEMEGCIPQKQD 227
U0 FAM3C MOUSE 181 NWVFCGGKGIKTKSPFEQHIKNNKETNKYEGWPEVVEMEGCIPQKQD 227
227

FAM3C RAT 181 NWVFCGGKGIKTKSPFEQHIKNNKDTNKYEGWPEVVEMEGCIPQKQD
khkhkhkhdkdkkdkhhhhhkhhkkhkhhhh o hkhkdhkhokdkkkokk ok dodeddhk*r

Figure 7: Amino acid sequence of human, mouse and rat Fam3c.
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ILEIl was observed to be ubiquitously expressed in all tissues (Pilipenko et al., 2004)
and mainly in the most secretory epithelia of several organs: salivary and mammary
gland, human pancreas and duodenum (Y. Zhu et al., 2002). In normal tissues, the
secreted protein is localized within granule structures in proximity to the nucleus.
However, in pathological conditions, such as colorectal cancer (Z. H. Gao et al.,
2014) or hepatocellular carcinoma (Lahsnig et al., 2009) an enhanced Fam3c
diffuse cytoplasmic staining has been reported. This peculiar localization, together
with increased amounts of Fam3c secretion in several malignant tumors, have made
Fam3c a good prognostic marker in patients with esophageal squamous cell
carcinoma (Y. H. Zhu et al., 2015) and a potential therapeutic target for other cancer

types.

Fam3c also participates in the regulation of biological functions in normal tissues.
Chen and colleagues demonstrated that, in the liver, Fam3c activates heat shock
factor 1 (HSF1) which induces CALM1 transcription and calmodulin (CaM) protein
level to activate the phosphatidyl inositol 3-kinase (PI3K)-Akt pathway. The
activation of the CaM-Akt pathway represses gluconeogenic and lipogenic gene
expression in an insulin and Ca?*-independent manner, contributing to regulate
hepatic glucose and lipid metabolism. In the same study, the authors reported that,
in obese diabetic mice, Fam3c expression was reduced in the liver. Its hepatic
restoration improved insulin resistance, hyperglycemia and fatty liver, leading to a
beneficial approach to regulate glucose/lipid metabolism under sever insulin
resistance. Furthermore, both in vitro and in vivo, Fam3c represses the mTOR-
SREBP1-FAS lipogenic pathway in hepatocytes, contributing to its beneficial effect
on fatty liver (Z. Chen, L. Ding, et al., 2017).

In 2009 a large-scale genome-wide association study performed in a Korean
population revealed a correlation between Fam3c and bone mineral density (Cho et
al., 2009). Some years later, this correlation was confirmed in a different population
by two independent genome-wide association studies (Martinez-Gil et al., 2018; L.
S. Zhang et al., 2012). A study published in 2015 to evaluate the role of Fam3c in
bone biology generated a Fam3c knock-out (KO) mouse. This mouse showed
normal appearance, behavior and fertility but changes in bone morphology and

mineral density were observed. In the same KO model, bone marrow cells showed
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an increased osteogenic differentiation with a reduced number of trabeculae and
decreased breaking strength in the lateral direction of tibiae. Moreover, inactivation
of the gene led to increased cortical mineral density, indicating a role of Fam3c in
osteoblast differentiation and bone homeostasis (Maatta et al., 2016). One year
later, the same group found a correlation between Fam3c and TGF-31. The latter is
a cytokine stored in the human bone matrix that regulates osteoblast differentiation.
In a pre-osteoblast murine cell line (MC3T3-E1), TGF-B1 affects osteoblast
differentiation by inhibiting the ability of bone morphogenetic protein-2 (BMP-2) to
induce MC3T3-E1 mineralization (Spinella-Jaegle et al., 2001). During osteoblast
differentiation, intracellular Fam3c and TGF- 31 regulate each other. TGF-31
induces the expression of Fam3c while Fam3c negatively acts on TGF-1: the TGF-
B1 mRNA levels were markedly decreased in cells overexpressing Fam3c and
significantly increased in cells in which Fam3c was silenced upon siRNA treatment
(Bendre, Buki, & Maatta, 2017).

As reported by Kraya and colleagues, high levels of Fam3c were detected in serum
of high-autophagy melanoma patients. Similar results were observed in vitro from
supernatant of high autophagy melanoma cell lines, suggesting Fam3c as a

candidate autophagy biomarker in melanoma (Kraya et al., 2015).

In 2014, a correlation between Fam3c and Alzheimer’'s disease (AD) was also
reported. In AD patients, the levels of Fam3c were found to be decreased
(Hasegawa et al., 2014). In the same work, the transgenic overexpression of Fam3c
in AD model mice markedly decreased the accumulation of amyloid- 3 peptide (AB),
a hallmark of AD, and improved memory deficit. Moreover, Fam3c expression levels
in mouse brain was reported to change during developmental stages: protein levels
peak in the post-natal period and then decline with age (L. Liu, Watanabe, Akatsu,
& Nishimura, 2016). The decline of Fam3c expression may cause accumulation of
AB and eventual development of AD (L. Liu et al., 2016) suggesting Fam3c as
plausible target for AD therapy.

Until 2019, nothing was known about the Fam3c receptor. In this contest, a recent
study performed in breast cancer stem cells showed that Fam3c acts on the
leukemia inhibitory factor (LIF) receptor (LIFR) (Woosley et al., 2019). The binding
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of Fam3c to LIFR induces signal transducer and activator of transcription 3 (STAT3)
activation through its phosphorylation at Tyrosine 705 (Tyr705), driving both EMT

and breast cancer stem cells (BCSC) formation.

1.7 Canonical STAT3 pathway

The signal transducer and activator of transcription (STAT) protein family was
initially identified as a family of transcription factors that modulate the expression of
a variety of genes involved in the regulation of cell proliferation, differentiation,
apoptosis, metastasis, angiogenesis and immune response (Johnston & Grandis,
2011). The STAT family includes seven mammalian STATs: STAT1-4, STAT5a,
STAT5b and STAT6, which are activated in response to specific extracellular stimuli
through tyrosine phosphorylation-mediated activation, mainly mediated by Janus
kinases (JAKs) (Awasthi, Liongue, & Ward, 2021).

The STAT3 gene encodes for an 89 kDa protein of 770 amino acids, composed of
six functional domains. The N-terminal domain is involved in higher order complex
formation and is followed by a coiled-coiled domain that allows protein-protein
interaction. Adjacent to this, there is the DNA binding domain through which STAT3
binds the promoter of specific genes, followed by a linker region and by the Src
homology-2 (SH2) domain, which is responsible for STAT3 dimerization. In addition,
located at C-terminal domain, there is the transcription activation domain (TAD),
where phosphorylation occurs (Zouein et al., 2015). The canonical STAT3 pathway
is activated by a large number of extracellular stimuli, including the entire family of
Interleukin (IL)-6-type cytokines, comprised of IL-6, IL-11, IL-22, IL-27, IL-31,
cardiotrophin 1 (CT-1) ciliary neurotrophic factor (CNTF), cardiotrophin-like cytokine
factor 1 (CLCF1), oncostatin M (OSM), leukemia inhibitory factor (LIF) (Garbers et
al., 2012; Jones & Jenkins, 2018) and by growth factors including epidermal growth
factor (EGF), fibroblast growth factor (FGF) and insulin-like growth factor (IGF) (Lo
et al., 2005; Mitsuyama et al., 2007). In non-stimulated cells, STAT3, as other
STATSs protein, is kept inactive in the cytoplasm. However, upon binding of ligands
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to their respective receptors, JAKs are activated and phosphorylate STAT3 at
Tyr705, inducing STAT3 dimerization and translocation into the nucleus where it
functions as a transcriptional activator. An illustration of the STAT3 signalling

pathway is shown in Fig.8.
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Figure 8: Canonical STAT3 pathway. Activation of the canonical STAT3 pathway is exemplified
through the illustration of the LIF receptor. LIF exerts its biological function through two proteins: LIF
receptor (LIFR) and gp130. The binding of LIF to LIFR induces its heterodimerization with gp130,
resulting in the formation of the LIF/LIFR/gp130 functional complex. This in turn activates the JAK
protein, which phosphorylates and activate STAT3. Growth factors such as FGF, IGF and EGF can
also phosphorylate STAT3 by binding their respective receptors. Once phosphorylated, STAT3
homodimerizes and translocates into the nucleus where it binds the promoter regions of target genes
inducing their transcription. Adapted from: (Ma, Qin, & Li, 2020).
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In addition to Tyr705, STAT3 can be phosphorylated at Ser727. The involvement of
serine phosphorylation may boost STAT3 activity but is not able to induce DNA
binding (Wen & Darnell, 1997; Wen, Zhong, & Darnell, 1995).

While normal cells display transient physiological STAT3 activation, tightly regulated
by stimulatory and inhibitory molecules, many cancer cells depend on the
constitutive activation of STAT3 for survival and cell transformation (Hu et al., 2015).
Although the involvement of STAT3 in cancer is well documented and aberrant
regulation of STAT3 is reported in nearly 70% of cancers (Levy & Inghirami, 2006;
Turkson & Jove, 2000), STAT3 is a signalling molecule and transcription factor that
plays important protective roles in the heart. It participates in mechanisms that
contribute to protection against myocardial infarction, fibrosis, hypertrophy,
hypertension, myocarditis and diabetic cardiomyopathy, as reviewed by Harhous
and colleagues (Harhous, Booz, Ovize, Bidaux, & Kurdi, 2019). During cardiac
ischemia, STAT3 is phosphorylated at Tyr705; a further increase in phosphorylation
was reported during reperfusion (Fuglesteg et al., 2008; O'Sullivan, Breen,
Gallagher, Buggy, & Hurley, 2016). Since STAT3 knockout significantly increase
infarct size following ischemia reperfusion (Hilfiker-Kleiner et al., 2004) and multiple
evidence already showed a cardioprotective role of STAT3 (Harhous et al., 2019),
a possible cardioprotective mechanism exerted by Fam3c may related to STAT3

pathway activation.
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2. AIM OF THE THESIS

The work presented in this thesis was aimed to understand the molecular

mechanism behind the cardioprotective activity exerted by Fam3c after myocardial

infarction in mice. Providing an accurate overview of the Fam3c mechanism of

action is of compelling interest in anticipation of the potential translational

perspectives of this factor against myocardial infarction. For this purpose, the

following specific objectives were pursued:

Evaluation of apoptosis in primary cardiomyocytes upon Fam3c treatment;
the ability of Fam3c to modulate apoptosis was investigated in a doxorubicin
model of cardiac damage.

Involvement of Fam3c in the autophagic pathway (both in immortalized cell
line and primary cells).

Identification of the Fam3c receptor in cardiomyocytes.

Involvement of the STAT3 pathway in Fam3c biology.

Investigation on the reciprocal crosstalk between Fam3c and TGF-f3
signalling.

Evaluation of Fam3c gene expression upon cardiac damage, both in vitro

(cryoinjured EHT) and in vivo (after myocardial infarction in mice).
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3. MATERIALS AND METHODS

3.1 CELL CULTURE METHODS AND ANALYSIS

3.1.1 NIH-3T3 and HEK-293T cell lines

NIH-3T3 murine fibroblasts and human kidney HEK-293T cells were obtained from
ATCC (CRL-1658 and CRL-3216 respectively) and grown in Dulbecco's modified
Eagle medium (DMEM) + [GlutaMAX-I] + [Pyruvate] 1 g/L D-Glucose (Life
Technologies), supplemented with 10% Fetal bovine serum (FBS, Life
Technologies), 100 U/ml penicillin and 100 pyg/ml streptomycin (Sigma), at 37°C in
a humidified 5% CO2 incubator.

3.1.2 Plasmid DNA transfection of HEK-293T cells

HEK-293T cells were transfected using FUGENE® HD as transfection reagent
(Promega). The cDNA coding region of mouse Fam3c and GFP was individually
cloned, upon PCR amplification with gene specific primers, into the Xho | and Not |
sites of the pGi plasmid, a modified version of the pZac2.1, under the control of the
CMV IE promoter, see Fig. 5. The optimized ratio of pDNA:lipids was 1:3. Briefly,
the recommended amount of plasmid DNA was diluted in Opti-MEM medium (Life
Technologies). The proper amount of FUGENE® was added to the mix, which was
then vortexed and incubated 15 minutes at room temperature. After the formation

of DNA/lipid complexes, the mix was added to cells.

3.1.3 Isolation of murine neonatal cardiomyocytes and cardiac
fibroblasts

Primary cardiomyocytes were isolated from heart of neonatal mouse and rats using

the Neonatal Heart Dissociation Kit (Miltenyi Biotec) according to the manufacturer’s

instructions. The purpose of this procedure is to dissociate the neonatal hearts into

single-cell suspensions by combining enzymatic degradation with mechanical
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dissociation, to disrupt the extracellular matrix, which maintains the structural
integrity of the tissue.

Briefly, hearts from 0 to 1-day old CD1 mice or Wistar rats were retrieved and
transferred into a 10 cm dish containing PBS; ventricles were separated from both
the atria and the great vessels, cut into pieces of ~2 mm diameter and collected in
a fresh tube. The digestion mix, obtained by combining the enzyme mix 1 (Enzyme
P + Buffer X, previously heated at 37° C for 5 minutes) and the enzyme mix 2 (Buffer
Y + Enzyme A + Enzyme D), was transferred together with the harvested tissue into
the MACS C Tube where the fragments dissociation was performed. The C Tube
was attached onto the sleeve of the gentleMACS™ Dissociator for the mechanical
dissociation steps; afterwards the digestion was run at 37°C for 1h.

After the run termination, 7.5 ml of Dulbecco’s modified Eagle medium 4.5 g/l
glucose (DMEM, Life Technologies), containing 5% FBS, 20 mg/ml vitamin B12
(Sigma), 100 U/ml penicillin and 100 pg/ml streptomycin (Sigma), were added to the
Tube. Then, the digested tissue was filtered through a 40 um, cell strainer (BD
Falcon) to remove any remaining large particles from the single-cell suspension.
After that, the cell strainer was washed with 3 ml of DMEM and the filtrate was
centrifuged at 600 x g for 5 minutes to pellet the cells, which were then resuspended
in a Red Blood Cell Lysis Solution to remove erythrocytes and incubated for 2
minutes at room temperature. Then cells were washed twice by centrifugation (PBS
solution + Enzyme A) and resuspended in complete medium. The collected cells
were pre-plated on 100-mm plastic dishes at 37 °C in 5% CO2 and humidified
atmosphere for 2 hours, to allow the attachment of cardiac fibroblasts. After this pre-
plating step, the cardiomyocyte-containing supernatant was collected, and cells
were counted. CMs cells were plated at the appropriate density in Primaria 96- well
plates (BD Falcon) or Primaria 6-well plates (BD Falcon), according to the
experiment. Mouse cardiac fibroblasts adhered on the plate have been cultured for
48 hours in DMEM, 1 g/L D-Glucose (Life Technologies), supplemented with 5%

FBS and used to verified endogenous levels of Fam3c.
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3.1.4 Doxorubicin and Chloroquine

Doxorubicin hydrochloride (Sigma) was added to the cardiomyocyte culture medium
at different final concentration (from 0.5 up to 5.0 uyM for 24 hours). Chloroquine

diphosphate salt (Sigma) was added at the final concentration of 10 uM for 4 hours.

3.1.5 HEK-293T conditioned media

HEK-293T cells were transfected with GFP or Fam3c coding plasmids. 24 hours
post transfection, cells were starved in 0 % FBS until next day. 48 hours post
transfection supernatant was recovered, centrifuged 2 minutes at RT and used to
treat for 30 minutes neonatal mouse cardiomyocytes previously starved for 6 hours
in 0% FBS. For the conditioned media experiment, neonatal mouse cardiomyocytes
were carefully washed in PBS and supernatant recovered from control and
transfected HEK-293T cells was added on the cells.

3.1.6 Isolation of adult mouse cardiac fibroblasts

Primary murine cardiac fibroblasts were isolated from heart of adult CD1 mice by
tissue digestion and mechanical shearing. For this, tissue was minced and then
digested for 1 h at 37 °C with a magnetic stirrer using the following enzyme mix:
Enzyme A + Enzyme P + Enzyme D, from Neonatal Heart Dissociation Kit (Miltenyi
Biotec). Dissociated tissue was passed through a 70 um cell strainer and centrifuged
at 450 x g. The resulting cell pellet was resuspended in Dulbecco's modified Eagle
medium (DMEM) + [GlutaMAX-I] + [Pyruvate] 1 g/L D-Glucose (Life Technologies),
supplemented with 10% Fetal bovine serum (FBS, Life Technologies), 100 U/ml
penicillin and 100 ug/ml streptomycin (Sigma), at 37°C in a humidified 5% CO2
incubator, and fibroblasts were allowed to attach on plastic tissue culture plates for
2 hours. Medium was changed, and cells were left to recover overnight in a
humidified incubator at 37 °C in 5% CO2 before being immediately used for
experiments. Human recombinant TGF-B1 (Proteintech, HZ-1011) was added at a
dose of 25 ng/ml for 48 hours in absence of serum to stimulate fibroblast to

myofibroblast transition.
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3.1.7 Rat engineered heart tissue

Rat fibrin-based engineered heart tissue (EHT) has been produced by Molecular
Cardiology group at ICGEB, Trieste, Italy. To generate fibrin-based EHTs a
reconstitution mixture was prepared on ice as follow. Final concentration of cells:
4.1M0°% cells/mL, 5 mg/mL bovine fibrinogen (Sigma F8630), DMEM 2X (20%
DMEM 10x, 20% heat inactivated horse serum [Thermo Fisher 26050-088], 1%
penicillin/streptomycin [Thermo Fisher 15140-122]). Casting molds were prepared
by adding 1.5 mL 2% agarose in PBS (Invitrogen 15510-027) per well in 24-well
culture dishes and placing Teflon spacers inside. After agarose jellification, the
spacers were removed (LxWxD 12 x 3 x 4 mm) and silicone post racks were placed
onto the dishes with pairs of posts reaching into each casting mold. For each EHT
100 pL reconstitution mix was mixed briefly with 3 pL thrombin (100 U/mL, Sigma
Aldrich T7513) and pipetted into the agarose slot. For fibrinogen polymerization, the
constructs were placed in a humidified cell culture incubator at 37°C, 7% CO: for 2
hours. To allow the removal of the constructs from agarose casting molds, cell
culture medium (300 pL) was then added in each well. Racks were transferred to
new 24-well cell culture dishes. EHTs were maintained in 37°C, 7% CO2 humidified
cell culture incubator. EHT medium consisted of DMEM (Biochrom F0415), 10%
horse serum (Thermo Fisher 26050-088), 1% penicillin/streptomycin (Thermo
Fisher 15140-122), insulin (10 pg/mL, Sigma-Aldrich 19278), and aprotinin (33
pMg/mL, Sigma Aldrich A1153) and was changed every two days. EHTs were
monitored daily and are considered mature approximately 10 days after the

development of coherent beating.

3.1.8 Crioinjury model of rat EHT

The Molecular Cardiology group at ICGEB, Trieste, ltaly, built a custom-made
system to deliver cryoinjury to the middle section of EHTs. Briefly, a 50 ml tube was
connected through a copper pipe to a 23G or a 26G needle that was bent to facilitate
the contact with the EHTs in a discrete fashion. The tube was filled with liquid
nitrogen and the lid was used to direct the flow through the needle, thus creating a
cryo-probe. The EHT was placed in contact with the needle, while the liquid nitrogen

was flowing, for 1 or 4 seconds and a clear area of freezing could be observed. The
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removal of the plunger would determine a stop of the flow through the needle and a
rise in temperature that allows to safely detach the EHT. After the procedure, EHTs

were placed in complete medium to recover.

3.1.9 AAV vectors

All AAV vectors were produced by the AVU unit at the ICGEB, Trieste, Italy
(http://www.icgeb.org/avu-core-facility.html) as described previously (G. P. Gao et
al., 2002). Briefly, infectious AAV6 and AAV9 vector particles were generated in
HEK-293 cells by co-transfecting each vector plasmid together with the packaging
plasmids expressing AAV and adenovirus helper functions, pDP6 (PlasmidFactory).
Viral stocks were obtained by CsCl2 gradient centrifugation; rAAV titers, determined
by measuring the copy number of viral genomes in pooled, dialyzed gradient
fractions were in the range of 1x10'2 to 1x10'3 genome copies per milliliter.

Cardiomyocytes were transduced with AAV6-control (empty vector), AAV6-GFP
and AAV6-Fam3c the day after plating using a multiplicity of infection (MOI) of 5x
10* viral genomes particles per cell. The day after transduction the medium was
changed. The correspondent AAV9 were generated in parallel and used for in vivo
transduction of cardiac tissue as previously established in the laboratory (3.0 x 10"

and 3.9 x 10'2 viral genomes particles per animal).

3.1.10 Immunofluorescence

Primary neonatal mouse and rat cardiomyocytes were fixed with 4% PFA for 10 min,
permeabilized with 0.5% Triton X-100 in PBS for 10 min, followed by 1 hr blocking
in 2% BSA (Roche). Cells were then stained overnight at 4°C with mouse
monoclonal antibody against sarcomeric a-actinin (EA-53, Abcam), rabbit
monoclonal antibody against GFP (Ab6556, Abcam), rabbit monoclonal antibody
against p-STAT3 (#9131, Cell Signalling) diluted in blocking solution. Cells were
washed with PBS-Tween and incubated for 2 hours with the proper secondary anti
mouse or anti rabbit antibodies (Invitrogen) conjugated to Alexa Fluor-488 or -594
(Invitrogen). Nuclei were counterstained with Hoechst 33342 (Life Technologies).
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3.2 MOLECULAR BIOLOGY PROTOCOLS

3.2.1 Recombinant protein production

Recombinant mouse Fam3c protein (rFam3c) was produced taking of advantage of
the Flp-In CHO cell line. Briefly, an expression vector containing His tagged-Fam3c
gene sequence (pcDNA 5/FRT) has been integrated into the genome of CHO Flp-
In cells via Flp recombinase-mediated DNA recombination at the FRT site
(O'Gorman, Fox, & Wahl, 1991). Integration of the expression construct induces
Fam3c transcription and confers hygromycin antibiotic resistance to positively select
transfected cells. The supernatant of Flip-In Fam3c cells was then collected and the
His-tagged Fam3c protein was purified with Ni-NTA agarose beads or Nichel loaded
column for larger scale production. Imidazole 0,5 M was used for protein elution.
The purified protein was desalted and concentrated using Amikon columns (15 kDa
cut-off). Once produced and purified, Coomassie Blue staining and silver staining

gels (SDS-PAGE) were exploited to monitor protein purity and concentration.

3.2.2 siRNAs transfection

All siRNAs (siGENOME SMARTpools) were purchased from Dharmacon (GE
Healthcare), see table 2. Transfection of human or mouse siRNAs was performed
using a standard reverse transfection protocol, with a final siRNA concentration of
50 nM. For experiments performed in 96-well plates, 15 pl of 500 nM siRNAs were
transferred to 96 well plates. Transfection reagent, Lipofectamine RNAIMAX
Transfection Reagent (0.2 pl per 96-well, Life Technologies) diluted in 35 pl of OPTI-
MEM (Life Technologies) was then added to the siRNAs arrayed on 96-well plates
and incubated at RT for 30 min. Mouse CMs, suspended in 100 ul antibiotic-free
culture medium, were then seeded onto the 96-well plates at 25.000 cells per well
and incubated at 37°C, 5% CO2. Transfections performed in 6-well plate format
were done using the same procedure but transferring 7 ul from the 20 pM siRNAs
stock to each well. 5.7 pl of Lipofectamine RNAIMAX were diluted in 600 ul of OPTI-
MEM and then added to siRNAs. 30 min. after, 600.000 neonatal mouse
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cardiomyocytes or 600.000 HEK-293T cells per well, resuspended in 2.5 ml of

culture medium, were seeded on the transfection reagents in the plate.

Probes Probe ID

Mouse Lifr L-040750-00-0010, ON-TARGETplus (16880)

Mouse gp130 | L-040007-01-0010, ON-TARGETplus (16195)

Human Lifr L-008017-01-0005, ON-TARGETplus (3977)

Table 2: List of Dharmacon siRNAs.

3.2.3 RNA extraction

Primary cardiomyocytes seeded onto 6-well were washed twice in PBS and then
cells were lysed in 1 ml of TRIzol Reagent (Life Technologies) and incubated for 3
min at RT. Heart sections of CD1 mice were lysate with 1 ml TRIzol and dissociated
using MagNA Lyser green beads (Roche) at 6500 rpm for 60 seconds. After this,
the heart homogenate was put in 1.5 ml tubes and incubated for 3 minutes at RT.
From here the procedure of RNA extraction from primary cells or heart tissue is the
same, although specified. 0.2 ml of chloroform per ml of TRIzol was added to cells
lysate (or heart homogenate). The tubes were shaken vigorously for 15 s and
incubated for 10 min at RT. Samples were then centrifuged at 12,000 x g for 10 min
at 4°C. After the centrifugation, the upper aqueous phase, was transferred to a new
tube and 0.5 ml isopropanol was added. The tubes were shaken vigorously for 15 s
and incubated for 10 min at RT. Samples were then centrifuged at 12,000 x g for 10
min at 4°C. After the centrifugation, the upper aqueous phase was removed and 1
ml of 75% Ethanol was added. Samples were then centrifuged at 12,000 x g for 5
min at 4°C. After the centrifugation, the upper aqueous phase was removed and
tubes were then left opened under chemical hood to allow the complete evaporation
of the EtOH. Finally, 40 pl or 70 ul of RNase-free water were added to resuspend
the RNA obtained from primary neonatal cardiomyocytes or from heart tissue,

respectively.
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3.2.4 Reverse Transcription PCR

Total RNA concentration was measured using Nanodrop 1000 (Thermo Scientific).
1 pg of total RNA was used for cDNA synthesis. The RNA was diluted into 11 ul of
RNAse-free water and treated with 2 pl of RNAse-free DNAse | (Roche), 1.5 pl of
Buffer 10x (Roche) and 0.5 pl of PRI (Roche) for 15 min, at RT. DNAse | was then
inactivated by rising the temperature to 75°C for 5 min. After DNAse digestion, RNA
was incubated with 2 pl of 10 mM dNTPs (Promega), 2 pl of random primers
(Invitrogen, 1:20 dilution) and 5 pl of RNAse-free water for 5 min at 65°C. Reverse
transcription was performed by using 8 ul of 5x First-Strand Buffer (Invitrogen), 4 pl
of DTT 0,1 M (Invitrogen) and 2 pl of PRI (Protector Rnase Inhibitor). The samples
were incubated for 2 min at 37°C and then 2 pl of Maloney murine leukemia virus
reverse transcriptase (M-MLV RT, Invitrogen) was added. The reverse transcription
reaction was performed as follows: 10 min at 25°C (RT activation), 50 min at 37°C
(RT reaction), 15 min at 72°C (RT inactivation).

3.2.5 Real-Time PCR

Quantification of gene expression was performed by quantitative real-time PCR
using the TagMan assay (Applied Biosystems). GAPDH or HPRT was used as
housekeeping gene for normalization. cDNA (1 ul) was treated with 10 ul of TagMan
mix (Qiagen — not correct), 8 ul of RNAse-free water, 1 ul of the TagMan probes and
analysed by using a standard TagMan protocol using a CFX96TM Real-Time
System (Bio-Rad) (95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min), according to the manufacturer's recommendations. A list of the used

probes is summarized in the table 3.
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Target Probe ID

Mouse Fam3c MmO00506842_m1

Mouse Hprt MmO01545399 _m1

Mouse Gapdh Mm99999915 g1

Mouse TGF-3 MmO01178820_m1

Rat Fam3c Rn01500658_m1

Rat Hprt Rn01527840_m1

Table 3: List TagMan probes.

3.2.6 Western blotting

Protein expression was evaluated by western-blot: cells were washed in ice-cold
PBS and proteins were harvested in RIPA buffer (20 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 1 mM EDTA; 1 mM EGTA; 0.5% NaDOC; 0.5% NP-40 and 0.1% SDS)
containing Protease Inhibitor Cocktail Tablets (Roche), Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientific) and 1 mM PMSF. Cell lysates were then
sonicated with Bioruptor (Diaagenode) for 30 minutes using 3 pulses of 10 minutes
each. After this step, samples were centrifuged at 13.000 rpm for 10 minutes at 4°C,
the supernatants were collected and protein concentration was determined by the
Bradford method (Bio-Rad Laboratories). Protein extract (30-50 ug) was resolved
on 10-12% SDS-PAGE and transferred to nitrocellulose membranes (GE
Healthcare). Immunoblots were blocked in 5% BSA in TBS-Tween (50 mM Tris-HCI,
pH 7.4; 200 mM NaCl; and 0.1% Tween 20), overnight at 4°C and incubated for 2
hours at room temperature with the primary antibodies for LC3B (1:2000; L7543
Sigma-Aldrich), Fam3c (1:1000; Ab72182 abcam), pSTAT3 (1:1000; 9131 Cell
Signalling), STAT3 (1:1000; 9132 Cell Signalling), Lifr (1:300; sc-515337 Santa
Cruz) and gp130 (1:1000; 3732 Cell Signalling) and then for 1 hr at room

38



temperature with the HPR-conjugated goat anti-rabbit secondary antibody (1:5000;
31460 Thermo Fisher Scientific) or goat anti-mouse secondary antibody (1:3000;
62-6520 Thermo Fisher Scientific). To evaluate autophagy in vitro, LC3-Il protein
levels were analysed 48 hours after HEK-293T cells transfection or 72 hours after
cardiomyocytes AAV6 vector transduction (MOI: 5x10* vg per cell). Cells were
analysed under basal condition or upon 4 hours of treatment with the lysosomotropic
alkalinizing agent chloroquine (10 yM Sigma-Aldrich), to inhibit autophagosome-
lysosome fusion and analyze endogenous autophagic flux. To evaluate the ability
of Fam3c to modulate the STAT3 pathway, primary mouse CMs were starved for 6
hours in 0 % FBS and treated for 30 min with home-made produced rFam3c (500
ng/ml). To evaluate the ability of TGF-3 to modulate Fam3c protein expression, NIH-
3T3 cells and adult mouse cardiac fibroblasts were treated with rTGF- (25 ng/ml,
48 hours, Proteintech, HZ-1011).

In all the experiments, as a gel loading control, the membranes were incubated for
1 hours with conjugated mouse monoclonal anti-B-Actin (1:20000; A3854 Sigma-
Aldrich). Proteins were detected by enhanced chemiluminescence (GE Healthcare).

Band intensity was analysed using the ImagedJ software.

3.2.7 TUNEL and caspase 3/7 assays for apoptosis detection

TUNEL assay was performed on primary neonatal mouse cardiomyocytes treated
with doxorubicin (1.0 yM, 24 hours). Cells were fixed with 4% paraformaldehyde
(PFA) and permeabilized with 0.5% Triton X-100 for 10 min. After 1 h in blocking
solution (2% BSA) at room temperature, primary neonatal mouse cardiomyocytes
were stained with the primary antibody against sarcomeric a-actinin (1:200, EA-53
Abcam) for 2 hours. Alexa Fluor-488 donkey anti-mouse (1:500, A-21202 Thermo
Fisher Scientific) was used as a secondary antibody. Apoptotic cells were visualized
by in situ cell death detection kit, TMR red (Roche Diagnostics), according to the
manufacturer’s instructions. Nuclei were stained with Hoechst 33342 (1:5000 in
PBS, Life Technologies).

Apoptosis for mouse and rat neonatal cardiomyocytes treated with doxorubicin (1.0
and 1.5 uM, respectively) was evaluated 24 h after treatment using the Caspase-
Glo 3/7 Assay System (Promega) according to the protocol provided by the supplier.
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3.3 ANIMAL MODEL

3.3.1 Myocardial infarction

Myocardial infarction was produced in adult CD1 mice (8-12 weeks old), by
permanent left anterior descending (LAD) coronary artery ligation. Briefly, mice were
anesthetized with an intraperitoneal injection of ketamine and xylazine,
endotracheally intubated and placed on a rodent ventilator. Body temperature was
maintained at 37°C on a heating pad. Beating heart was accessed via a left
thoracotomy. After removing the pericardium, a descending branch of the LAD
coronary artery was visualized with a stereomicroscope (Leica) and occluded with
a nylon suture. Ligation was confirmed by the whitening of a region of the left
ventricle, immediately post-ligation. To evaluate heart function and morphology,
transthoracic two-dimensional echocardiography was performed in mice
anaesthetized with isoflurane keeping the heart rate over 450 bpm, using a Vevo
2100 Ultrasound (Visual Sonics) equipped with a MS550D 22—-50 MHz linear array
solid-state transducer. B-mode multi- planar tracings in parasternal short and long
axis views (modified Simpson’s method) were used to measure left ventricular
anterior and posterior wall thickness, septum thickness and left ventricular internal
diameter at end-systole and end-diastole, which were used to calculate left
ventricular fractional shortening and ejection fraction. For all infarcted animals,
echocardiography was performed after 15, 30 and 60 days and the hearts were

collected at 60 days after infarction (n=8 per group).

3.4 STATISTICAL ANALYSIS

Data are presented as mean + standard error of the mean (SEM). Statistical analysis
was performed by using a commercially available software package (GraphPad
Prism). Student’s T-test was used to compare two groups while one-way ANOVA
with Tukey post-hoc test has been used to compare means of two or more samples

to determine whether there is statistical evidence that the associated population
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means are significantly different. Analysis of morphological and functional
measurements at different time points among groups was performed using two-way

ANOVA for repeated measurements, followed by pairwise post hoc analysis.

For all the statistical analyses, significance was accepted at p<0.05.
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4. RESULTS

4.1 Fam3c preserves heart function upon myocardial

infarction

The FunSel in vivo screening led to the identification of novel cardioprotective
factors without a priori knowledge on their function. The cardioprotective activity of
the selected hits, including Fam3c, was further evaluated in a mouse model of
myocardial infarction (MI). In brief, mice underwent permanent coronary artery
ligation and then received an intramyocardial injection of AAV serotype 9 vector
(AAV) expressing Fam3c or a control empty vector (AAV9-control) into the infarct
border zone (Fig. 9A). Echocardiographic follow up of infarcted animals for 2 months
clearly demonstrated that Fam3c overexpression was effective in maintaining
cardiac function and preventing post-MI pathological remodelling compared to
control animals (Ruozi et al., 2022). Indeed, as shown in Fig. 9B and 9C, Fam3c
significantly preserved left ventricular (LV) ejection fraction and reduced LV-end
diastolic volume post infarction. Moreover, histological analysis performed on heart
section after animal sacrifice showed a significant reduction of the LV infarct size
and preservation of LV mass in the AAV9-Fam3c treated mice (Fig. 9D and 9E).
The Masson trichrome stain performed 60 days after Ml highlighted a strong

reduction of the fibrotic scar in the infarct zone.
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Figure 9: Cardioprotective effect of Fam3c after myocardial infarction. (A) Experimental
protocol. Mice were intramyocardially injected with AAV9-control or AAV9-Fam3c (1.0 x 10" vg per
animal). (B and C) Echocardiographic analysis of infarcted mice at 15, 30, and 60 days after Ml and
vector administration. Data are means + SEM (N = 8 per group); *p < 0.05 and **p < 0.01 versus
AAV9-Control; two-way ANOVA with Bonferroni post hoc correction. LVEF, left ventricular ejection
fraction; LVEDV, left ventricular end-diastolic volume. (D) Representative images of Masson’s
trichrome stains of heart transverse sections 60 days after Ml and vector injection. Fibrotic areas are
stained blue. (E) Quantification of left ventricle (LV) infarct size. Data are means + SEM (N = 8 per
group); **p < 0.01 versus AAV9-Control; one-way ANOVA. Adapted from (Ruozi et al., 2022).

4.2 In vitro model of cardiotoxicity induced by doxorubicin

Although Fam3c dramatically protects cardiac tissue after MI, the molecular
mechanisms behind its cardioprotective activity are still unknown. To understand
the Fam3c mechanism of action in cardiomyocytes, we developed an in vitro model
of cardiotoxicity. We took advantage of the well-known cardiotoxic agent doxorubicin
to mimic cardiac damage in mouse primary cardiomyocytes. Doxorubicin is a widely
used effective chemotherapeutic agent. However, its use is limited due to its
adverse effect on cardiac cells in the short and the long term (Slordal & Spigset,
2006; Youssef & Links, 2005).

Primary neonatal mouse CMs were treated for 24 hours with increasing doses of

doxorubicin (from 0.5 up to 5 yM). CM morphological shape and viability were
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monitored over time. As shown in Fig. 10A, doxorubicin treatment induced a
massive shrinkage of the sarcomeric cardiac structure in a dose dependent manner.
A significant decrease in the number of CMs was reported when cells were treated
with the highest doses tested, from 3 up to 5 uM (Fig. 10A and 10B).
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Figure 10: Cardiotoxic effect of doxorubicin. (A) Representative images of neonatal mouse CMs
treated for 24 hours with increasing doses of doxorubicin as indicated (a-actinin-DAPI). (B and C)
The graphs report the number of CMs per well and the intensity of DAPI nuclear staining,
respectively. Data are mean £ SEM (15 field per well, n=4 technical replicates); *p<0.05, **p<0.01,
***p<0.001; one-way ANOVA. (D) Activation of caspase 3/7 in neonatal mouse CMs treated for 24
hours with increasing doses of doxorubicin as indicated. Data are mean + SEM (n=6 technical
replicates); ***p<0.001; one-way ANOVA.
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Noteworthy, doxorubicin treatment induced a massive decrease in nuclear DAPI
staining (Fig. 10A and 10C), possible due to its ability to intercalate into DNA
inducing DNA damage (S. Zhang et al., 2012).

Since doxorubicin is known to cause cardiotoxicity mainly through the upregulation
of death receptor-mediated apoptosis (L. Zhao & Zhang, 2017), cleaved caspase
3/7 activity was evaluated in the drug-treated CMs. Starting from the lowest
concentration, doxorubicin treatment induced a significant increase of caspase 3/7,
with the highest activation at 1 yM, (Fig. 10D). Thus, this condition was selected for

the subsequent investigations in vitro using Fam3c.

4.3 Evaluation of the most effective AAV serotype for the

transduction of primary neonatal cardiomyocytes

All the previous in vivo experiments were performed with AAV vector serotype 9
(Ruozi et al., 2022). For our ex vivo experiments, we assessed the relative efficiency
of AAV9 and AAV6 in transducing isolated neonatal CMs. As shown by the
immunofluorescence images in Figs. 11A and 11B, AAV6-GFP outperformed AAV9-
GFP in transducing cultured mouse CMs. Transduction efficiency was dose
dependent (relative quantification in Fig. 11C) and the most effective Multiplicity of
Infection (MOI) was 5.0*10* viral genomes (vg) per cell, without cellular toxicity.
Similar results were also obtained when transducing rat CMs, as shown in Figs. 11D

and 10E and by the relative quantification in Fig. 11F.

For this reason, all the in vitro experiments that required gene overexpression in
CMs were performed transducing cells with AAV serotype 6 vectors (MOI 5.0*104
vg per cell).
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Figure 11: Evaluation of AAV serotype efficacy in mouse and rat cardiomyocytes. (A)
Representative images of neonatal mouse CMs transduced with increasing MOls (1.0*1083, 1.0*104,
5.0*10* vg/cell) of AAV6 or AAV9 vectors as indicated. (B) Higher magnification of transduced mouse
CMs with the indicated vectors and MOls, (GFP-a-actinin-DAPI). (C) Quantification of transduced
mouse CMs. The graph reports the number of GFP-positive (green), a-actinin-positive (red) cells 72
hr after transduction. (D-E-F) Representative images and relative quantification of AAV transduced
rat CMs, as in A-C, (GFP-a-actinin-DAPI). Data are mean + SEM (15 field per well, n=3 technical
replicates); *p<0.05, **p<0.01, ***p<0.001; one-way ANOVA.

4.4 Fam3c is an anti-apoptotic agent

The cardioprotective effect of Fam3c was tested in the optimized doxorubicin-
induced model of cardiac damage. Neonatal mouse CMs were transduced with
AAV6-control or AAV6-Fam3c and then treated for 24 hours with 1 uM doxorubicin.
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Effective Fam3c overexpression was confirmed 72 hours after AAV treatment at
both mRNA and protein levels (Fig. 12A and Fig. 12B).

As shown in Fig. 12C and in line with Fig. 10D, 1 yM doxorubicin-exposed CMs
showed a significant increase in caspase 3/7 activation, highlighting apoptotic
events. Caspase activation was significantly reduced when CMs were pre-treated

with AAV6-Fam3c, both in mouse and rat cells (Fig. 12C and 12D respectively).

Doxorubicin treatment significantly increased cardiac apoptosis also when we
measured as the number of TUNEL-positive cells (Bernard et al., 2011; Gupta et
al., 2018). AAV6-control CMs treated with doxorubicin showed a significant increase
of TUNEL positive cells in comparison with untreated cells, while Fam3c
overexpression rescued this pathological effect (Fig. 12E, and 12F). Together,
these results suggest that CM-specific Fam3c expression preserves cardiac
function and structure by preventing apoptosis in CMs. Prevention of apoptosis was

most likely the reason why FunSel had originally selected these factors in vivo.
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Figure 12: Fam3c exerts anti-apoptotic effect on cardiomyocytes. (A) Levels of Fam3c
transgene expression 72 after AAV6 transduction of neonatal mouse CMs. Quantification of
transgene expression was obtained by qPCR. Data are mean + SEM (n=3 biological experiments);
**p<0.01; t-test. (B) Representative western blot showing expression of Fam3c 72 hours after AAV6
transduction of neonatal mouse CMs (representative image of 3 different biological replicates). (C
and D) Evaluation of caspase 3/7 activation in neonatal mouse and rat CMs transduced with AAV6-
control or AAV6-Fama3c in the presence of doxorubicin (1-1.5 yM, 24 hours). Data are mean + SEM
(n=8 biological experiments of 6 technical replicates each); **p<0.01; one-way ANOVA. (E) TUNEL
staining of neonatal mouse CMs transduced with AAV6-control or AAV6-Fam3c in the presence of
doxorubicin (1 uM, 24 hours), TUNEL-a-actinin-DAPI. Green arrows indicate apoptotic cells. (F) The
graph reports the number of TUNEL (green), a-actinin-positive (red) CMs (% of total). Data are mean
+ SEM (15 field per well, n=3 biological replicates of 3 technical replicates each); *p<0.05, **p<0.01;
one-way ANOVA.
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4.5 Fam3c promotes cardioprotective autophagy

As already discussed in paragraph 1.2.4, the recycle of dysfunctional and damaged
organelles by autophagy becomes essential in an environment poor of nutrients and
oxygen such as the myocardium after Ml or after doxorubicin-induced stress. For
this reason, we investigated the role of Fam3c in the stimulation of cardioprotective

autophagy.

As a first approach, we evaluated whether Fam3c induces autophagy in the well-
studied mammalian Human Embryonic Kidney 293 cell line (HEK-293T) by
monitoring LC3 protein levels. When HEK-293T cells were transfected with a Fam3c
or GFP coding plasmid, we found that Fam3c promoted evident increase of the
translipidated form of LC3 (LC3-Il), a well-established marker of autophagosome
formation (Fig. 13A and 13B).

An increase of LC3-ll can be observed in the presence of either increased
autophagy or impaired autophagic flux. To avoid data misinterpretation, it has been
previously demonstrated that the administration of an autophagic inhibitor, such as
chloroquine or bafilomycin, is fundamental to distinguish between these two
possibilities (D. L. Li et al., 2016). When HEK-293T cells were treated with
chloroquine (10 uM, 4 hours) after transfection, we still observed a significant
increase of LC3-Il in Fam3c transfected cells, in comparison with GFP-treated cells
(Fig. 13A and 13B). This result clearly indicates that the LC3-Il accumulation
mediated by Fam3c is a real induction of autophagy rather than an impairment of

autophagic flux.

Moving to neonatal mouse CMs, we demonstrated that AAV6-mediated Fam3c
overexpression increases LC3-ll levels in both the absence and presence of
chloroquine (Fig. 13C and 13D), thus confirming the ability of Fam3c to also

increase autophagic flux in primary CMs.
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Figure 13: Fam3c induces autophagy in HEK-293T cells and primary cardiomyocytes. (A and
B) Representative western blot and relative densitometric quantification showing LC3 lipidation
(conversion from LC3-l to LC3-Il) in HEK-293T cells. Cells were treated for 48 hours with GFP or
Fam3c coding plasmid in the presence or absence of the lysosomotropic alkalizing agent chloroquine
(10 uM, 4 hours). Data are mean + SEM (n=3 biological replicates); **p<0.01, ***p<0.001; one-way
ANOVA. (C and D) Representative western blot and relative densitometric quantification of LC3
lipidation in neonatal mouse CMs. Cells were treated for 72 hours with indicated vectors in the
presence or absence of chloroquine (10 uM, 4 hours). Data are mean + SEM (n=3 biological
replicates); **p<0.01, ***p<0.001; one-way ANOVA.

4.6 Fam3c cardioprotective action is partially mediated by
the STAT3 pathway

Until 2019, no information was available on the Fam3c receptor(s). Recently, it has
been shown that Fam3c can interact with LIFR to activate the STAT3 pathway in
breast cancer stem cells (Woosley et al., 2019). Since STAT3 it is a well-known

cardioprotective factor (Fuglesteg et al., 2008) (O'Sullivan et al., 2016), we
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investigated whether the ability of Fam3c to activate STAT3 and its downstream

cascade was also maintained also CMs.

We transfected HEK-293T cells with a GFP or a Fam3c coding plasmid (Fig. 14A)
and, 48 hours post transfections we collected both cell lysate and supernatants to
verify Fam3c protein expression and secretion (Fig. 14B). Conditioned media from
untransfected, GFP or Fam3c transfected HEK-293T cells was then used to treat
mouse CMs (30 minutes) to evaluate the level of activated STAT3. As shown in Fig.
14C and 14D, mouse CMs treated with Fam3c-conditioned media showed a
significant STAT3 activation, shown as phosphorylation at Tyrosine 705 residue
(Darnell, Kerr, & Stark, 1994).

Since the use of conditioned media does not allow a proper dose-response study,
we decided to move to the use of a Fam3c recombinant protein. In house-made
murine recombinant Fam3c protein (rFam3c) was produced by taking advantage of
the Flp-in CHO cell line. The full-length cDNA of Fam3c was tagged with a Histidine
(His) tag at the C terminus of the protein (after removal of the stop codon) and cloned
into the pcDNA 5/FRT plasmid. A stable Fam3c cell line was generated in Flp-In
CHO cells exploiting a co-transfection with a Flippase. The His-tagged protein was
detected by direct Western Blot analysis in both lysate and medium. Concentrated
supernatant was used for affinity protein purification using a Nickel based column;
rFam3c purity was confirmed by Coomassie blue and silver staining gels (Fig. 14E).
As shown in Fig. 14F, we tested the effect of rFam3c in mouse CMs and, in line with
what observed with Fam3c-conditioned media treatment, we observed activation of
STATS.
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Figure 14: Fam3c activates STAT3 pathway. (A) Schematic representation of neonatal mouse
cardiomyocytes treated with conditioned media (CM) from HEK-293T cells. Briefly, 48 hours post
transfection, CM from HEK-293T cells was collected and used to treat mouse CMs previously starved
for 6 hours in the absence of FBS. (B) Representative western blot showing Fam3c protein
expression in whole cell lysate and supernatant (representative image of 3 different biological
replicates). (C and D): Representative western blot and relative densitometric quantification of
neonatal mouse CMs treated for 30 minutes with CM of untreated, GFP or Fam3c transfected HEK-
293T cells. Data are mean + SEM (n=3 biological replicates); ***p<0.001; one-way ANOVA. (E)
Coomassie and silver staining gel of home-made produced recombinant Fam3c protein (rFam3c).
(F) Representative western blot of neonatal mouse CMs treated for 30 minutes with rFam3c
(representative image of 3 different biological replicates).
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4.7 Fam3c selectively activates STAT3 in cardiomyocytes
through the Leukemia Inhibitory Factor receptor

complex

To date, the only work that correlates Fam3c to cardiac biology is the one from our
laboratory (Ruozi et al., 2022). Since the previous study on the Fam3c-STAT3 axis
were performed by Woosley et al. in breast cancer stem cells (Woosley et al., 2019),
we investigated whether Fam3c could also activate the STAT3 pathway through the
Leukemia Inhibitory Factor-receptor complex in CMs. Since the main Lifr ligand is a
cytokine that exerts its action through the heterodimerization of gp130 and Lifr
(Giese et al., 2005), neonatal mouse CMs were treated with rFam3c in the presence
or absence of both siRNAs against Lifr and gp130. Effective Lifr and gp130
knockdown was verified by western blot analysis (Fig. 15A and 15B, respectively).
As shown in Fig. 15C, rFam3c treatment induced a strong STAT3 activation that
was abolished knocking down Lifr (Fig. 15C and 15D). A similar result was obtained
in CMs treated with rFam3c in the presence of the siRNA against gp130 (Fig. 15E
and 15F). These results confirmed that Fam3c also activates STAT3 through the

Leukemia Inhibitory Factor-receptor complex in CMs.
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Figure 15: Fam3c activates STAT3 through Leukemia Inhibitory Factor Receptor complex. (A
and B) Representative western blot showing reduced Lifr and gp130 protein expression respectively,
72 hours after siRNA knockdown in neonatal mouse CMs. (C and D) Representative western blot
and relative densitometric quantification of neonatal mouse CMs treated with recombinant Fam3c
(rFam3c) after Lifr knockdown. (E and F) Representative western blot and relative densitometric
quantification of neonatal mouse CMs treated with rFam3c after gp130 knockdown. Data are mean
+ SEM (n=3 biological replicates); ***p<0.001; one-way ANOVA.

Primary neonatal mouse CMs isolation is a technically challenging process. After
heart muscle dissociation, CMs are the main cell population purified (approximately
85-90%, data not shown), however cardiac fibroblasts could also be present, thus

challenging the interpretation of western blot analysis using a total cell lysate.
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To better understand whether STAT3 activation driven by Fam3c is cardiomyocyte-
fibroblast- or both cell type-specific, we moved to an immunofluorescence approach
in which it is easier to discriminate each cell type through specific cell markers. As
shown in Fig. 16A, CMs were easily identified using sarcomeric a-actinin as a
cardiac marker. In line with the western blot analysis, immunofluorescence images
confirmed the rFam3c ability to activate STAT3 in a Lifr-gp130 dependent manner
(Fig. 16A). Moreover, we also proved that all STAT3 phosphorylation events
triggered by rFam3c are within CMs (Fig. 16A and relative quantification in Fig. 16B

and 16C) and not in non-CM cells.
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Figure 16: Fam3c activates STAT3 selectively in cardiomyocytes through Leukemia Inhibitory
Factor receptor complex. (A) Representative immunofluorescence images of neonatal mouse CMs
treated with rFam3c for 30 minutes in the presence of control siRNA, siRNA targeting gp130 or Lifr,
p-STAT3-a-actinin-DAPI. (B and C) Quantification of p-STAT3-positive (nuclear green), a-actinin-
positive (red) cardiomyocytes and p-STAT3-positive (nuclear green), a-actinin-negative cardiac
fibroblasts, respectively. Data are mean + SEM (15 field per well, n=3 technical replicates);
***p<0.001; one-way ANOVA.
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4.8 Fam3c induced autophagy is not mediated by LIFR

Our previous experiments showed that Fam3c induces autophagy in both primary
neonatal CMs and HEK-293T cells, suggesting a possible conserved mechanism of
action in different cell types. We initially speculated on the possibility that Fam3c-
mediated autophagy could be induced, at least partially, through the activation of
the STAT3 pathway. To verify this possibility, HEK-293T cells were transfected with
GFP or Fam3c coding plasmid in the presence or absence of the siRNA targeting
Lifr. As shown in Fig. 17A, Fam3c induced autophagy through a massive conversion
of LC3-1l both in the presence or absence of the anti- Lifr sSiRNA (Fig. 17A and 17B).
These data clearly indicate that Fam3c-induced autophagy is not mediated by
STAT3 activation.
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Figure 17: Fam3c induces autophagy in a LIFR independent way. (A and B) Representative
western blot and relative densitometric quantification showing LC3 lipidation of HEK-293T cells
transfected for 48 hours with GFP or Fam3c coding plasmid in the presence or absence of siRNA
against Lifr. Data are mean + SEM (n=3 biological replicates); ***p<0.001; one-way ANOVA.

4.9 Fam3c expression in cardiac fibroblasts and its

modulation by Transforming Growth Factor B (TGF- )

All the previous experiments were focused on CMs as the main cell population of

interest. However, due to the growing evidence on the essential contribution of
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fibroblasts on scar remodelling and cardiac function, we also decided to investigate
the effect of Fam3c on cardiac FBs. First, we evaluated the basal expression level
of Fam3c in FBs in comparison to CMs. As shown by real time-PCR in Figs. 18A
and 18B, Fam3c is more expressed in cardiac FBs than in CMs, when normalizing
over either endogenous glyceraldehyde phosphate dehydrogenase (Gapdh) or

hypoxanthine guanine phosphoribosyl-transferase (Hprt).
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Figure 18: Fam3c is more expressed in cardiac fibroblasts than cardiomyocytes. (A and B)
Endogenous Fam3c mRNA levels in neonatal mouse cardiomyocytes (CMs) and neonatal cardiac
fibroblasts (FBs) normalized over endogenous glyceraldehyde phosphate dehydrogenase (Gapdh)
or hypoxanthine guanine phosphoribosyl-transferase (Hprt), respectively. Data are mean + SEM
(n=3 biological replicates); *p<0.05, **p<0.01, t-test.

Cardiac FBs play an important role after MI, especially upon TGF-3 signalling
upregulation. The activation of TGF- is protective against ischemic myocardial
damage during the early phase after MI, however, its beneficial effects are lost if its
expression is sustained, thereby leading to cardiac pathological remodelling and

scarring (Ikeuchi et al., 2004).

A correlation between Fam3c and TGF- has already been reported in other cellular
models. A few studies have demonstrated that TGF-f3 treatment increases Fam3c
expression in different cell types, mainly in tumor tissues (Chaudhury et al., 2010;
Noguchi et al., 2017; X. Zhao et al., 2018). To date, however, there is no evidence

on conserved mechanisms in cardiac cells.

Speculating about a possible correlation between Fam3c and TGF-B in cardiac cells,
we decided to co-culture CMs and FBs and treat these cells with a concentration of
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recombinant TGF-B known to promote cardiomyocyte hypertrophy and cardiac
fibroblast activation (Lijnen, Petrov, Rumilla, & Fagard, 2003; Schultz Jel et al.,
2002). For this purpose, rat neonatal CMs and FBs were co-cultured at a ratio 1:3;
CMs were stained with the specific cardiac marker Troponin. As shown in Fig. 19A
and in the relative quantification (Figs. 19B and 19C), TGF-B stimulation for 48 hours
induced both CM hypertrophy and activation of FBs, the latter seen as an increase
of smooth muscle alpha-actinin (a-SMA) (N. G. Frangogiannis, Michael, & Entman,
2000).
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Figure 19: TGF-B induces cardiac hypertrophy and fibroblast activation. (A) Representative
immunofluorescence images of neonatal rat CMs and FBs starved in 0.1% FBS and treated with
TGF-B (25-50 ng/ml, 48 hours), Troponin-a-SMA-DAPI. (B and C) Quantification of CM area
(Troponin -positive cells) and a-SMA positive cells, respectively. Data are mean + SEM (9 fields per
well, n=3 technical replicates); ***p<0.001; one-way ANOVA.

Since fibroblasts are the major targets of TGF-B signalling in the heart (N.
Frangogiannis, 2020), we investigated whether TGF-B directly modulated the
Fam3c expression level in NIH-3T3 fibroblasts and in primary adult mouse cardiac
fibroblasts. No significant difference was found between 25 ng/ml and 50 ng/ml

TGF-B treatment in the induction of either cardiac hypertrophy or fibroblast activation
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(Fig. 19A). Therefore, we selected the lowest concentration for the subsequent

experiments.

When NIH-3T3 fibroblasts were treated with TGF- for 48 hours, an increase of
intracellular and secreted Fam3c protein was observed (Fig. 20A and Fig. 20B,
respectively). A similar effect on Fam3c was also observed in adult mouse cardiac
FBs when treated with TGF-f (Fig. 20C).
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Figure 20: Transforming Growth Factor 8 (TGF-f) increases Fam3c protein levels. (A and B)
Representative western blots and relative densitometric quantification showing increased level of
intracellular and secreted Fam3c protein in NIH-3T3 fibroblasts treated with TGF-B (25 ng/ml, 48
hours). (C): Representative western blot and relative densitometric quantification showing increased
level of intracellular Fam3c in adult mouse CMs treated with TGF-f (25 ng/ml, 48 hours). Data are
mean + SEM (n= 3 biological replicates); *p<0.05, **p<0.01, t-test.
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Since the sustained TGF-f3 signalling activation after Ml is deleterious for the heart
by promoting FB proliferation and enhancing the fibrotic response, we investigated
whether Fam3c could regulate activation of the TGF-3 signalling pathway. Neonatal
mouse CMs were treated with AAV6-Fam3c or a control vector; Fam3c transgene
expression was verified by gqPCR. We observed that Fam3c overexpression did not
promote TGF-f transcription in vitro. We further proved this observation also in vivo
in adult CD1 mice that were intramyocardially injected with AAV9-Fam3c at two
different MOls (Figs. 21C and Fig. 21D).
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Figure 21: Fam3c does not affect TGF-B expression. (A) Fam3c transgene expression 72 hours
post AAV6-Fam3c administration in neonatal mouse CMs. (B) Endogenous level of TGF-
expression 72 hours post AAV6-Fam3c in neonatal mouse CMs. Data are mean + SEM (n=3
biological replicates); **p<0.01, t-test. (C) Levels of Fam3c transgene expression upon AAV9-Fam3c
intracardiac delivery in CD1 mice at different MOls, as indicated. (D) Endogenous levels of TGF-3
expression upon AAV9-Fam3c intracardiac delivery in CD1 mice at different MOls, as indicated. Data
are mean + SEM (n=3 biological replicates); **p<0.01, one-way ANOVA.
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4.10 Fam3c is upregulated upon cardiac injury

As TGF-f levels change early after Ml (Sanders et al., 2016), we wondered whether
Fam3c levels could also change after cardiac injury. For this purpose, we took
advantage of the possibility of engineering cardiac tissue in the laboratory. Cardiac
tissue engineering aims to reproduce as accurately as possible the function and
biology of cardiac muscle, during development or maturity, health or disease
(Montero et al., 2020). In collaboration with the Molecular Cardiology Unit at ICGEB,
using rat CMs and following a fibrin casting method originally developed by the
Thomas Eschenhagen laboratory in Hamburg (Hansen et al., 2010) we generated
engineered heart tissue (EHT) to mimic the beating heart in 3D. In addition to basal
conditions, we also induced a damage in the 3D tissue by cryoinjury, a well-
established in vivo model that partially mimics M| (Gonzalez-Rosa & Mercader,
2012). In this model, cryoinjury generates an extended injury border zone that
exhibits classic markers of remodelling found in surviving cardiac tissue at the edge
of a Ml (Strungs et al., 2013). Mature EHT were generated and, 10 days after the
development of synchronous beating, were injured with liquid nitrogen (Fig. 22A).
24 hours after injury, the force of contraction (which was calculating by analysing
the displacement of silicon post on which EHTs are anchored) was significantly
impaired. This reduction become substantial after 7 days, when a decrease of 50%
was observed with no recovery of contractile activity (data not shown). We then
performed a time course analysis by collecting EHTs at different time points after
cryoinjury to analyse the expression levels of Fam3c. We found a significant
increase of Fam3c expression 3 days post injury (Fig. 22B) in comparison to
uninjured EHT.
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Figure 22: Fam3c levels increase in cryoinjured Engineered Heart Tissue (EHT). (A) Schematic
representation of rat EHT injured with liquid nitrogen. (B) Endogenous Fam3c mRNA levels at

different time points after cryoinjury. Data are mean + SEM (n=3 biological replicates); *p<0.01, one-
way ANOVA.

Starting from this in vitro evidence of Fam3c activation after injury, we moved to an
in vivo mouse model of Ml induced by the permanent ligation of left descendent
coronary artery, as in the previous FunSel experiments that led to the identification
of Fam3c as a cardioprotective agent. After Ml, we performed a time course study
by sacrificing the animals for a gene expression analysis at different time points.
Total RNA was extracted from the collected left ventricle free walls (Fig. 23A) and

TGF-B and Fam3c expression was analysed.
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Figure 23: Fam3c is upregulated after myocardial infarction. (A) Experimental protocol:
myocardial infarction (MI) was induced in CD1 mice by permanent ligation of the left descendent
coronary artery. Mice were sacrificed at different times (from hours to days) after Ml and RNA was
extracted from the collected left ventricular tissue. (B and C) Fam3c and TGF- mRNA levels were
monitored after MI. Data are mean = SEM (n=3 per time point, three samples per animal); **p<0.01,
***p<0.001; one-way ANOVA.

As shown in Fig. 23B, Fam3c mRNA levels were significantly upregulated post MI.
Monitoring TGF-B levels, we found a significant increase of its transcript with a peak
at day 7 post MI (Fig. 23C), in line with previous studies (Sanders et al., 2016).
Noteworthy, a superimposable trend was observed for Fam3c, consistent with the
conclusion that its expression is regulated by the upstream activation of the TGF-3
pathway. The endogenous Fam3c upregulation after injury could reveals a new,

endogenous cardioprotective mechanism to counteract cardiac damage.
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5. DISCUSSION

Despite the extensive effort made in developing therapies against cardiac
dysfunction, treatment of myocardial infarction or other forms of cardiac damage
has not significantly evolved over the last several decades. While the available
medical, surgical and support device therapies have profoundly modified the natural
history of cardiovascular conditions, an increasing number of patients who survive
the acute event of Ml inevitably progress towards heart failure (Heusch & Gersh,
2017). Prognosis of advanced heart failure remains grim, with 50% of patients dying

withing 5 years from diagnosis (Roger et al., 2012).

A main problem behind the massive impact of cardiac disease on human health is
the inability of the adult mammal cardiac tissue to regenerate after injury. Unlike
lower vertebrates that have the ability to regenerate the heart when this is damaged
(Poss, Wilson, & Keating, 2002; Witman, Murtuza, Davis, Arner, & Morrison, 2011),
mammals show a cardiac regenerative ability limited to the fetal stage, with a very
rapid decline within the first week after birth (Porrello et al., 2011). The human CMs
turnover has been estimated to be ~0.04% in the first year after birth and ~0.01%
per year in the adult life, according to studies based on radiocarbon dating (Alkass
et al., 2015; Bergmann et al., 2009; Bergmann et al., 2015). The evidence of limited
CM renewal in adulthood mammal heart and its negative impact after Ml has
encouraged the scientific community to try and counteract cardiac cell loss with a
pro-regenerative approach. Several groups have attempted to push adult CM re-
entry into the cell cycle, for example by using microRNAs (miRNAs) (F. Gao et al.,
2019), small interfering RNA (siRNAs) targeting cell-cycle regulatory proteins (Chen
et al., 2018) or components of the signal transduction pathways that are known to
regulate cardiomyocyte proliferation [(the Hippo, Notch and Wnt/beta-catenin
pathways - reviewed in ref. (Cannata, Ali, Sinagra, & Giacca, 2020; Giacca, 2020).
For example, as far as microRNAs are concerned, a strong pro-proliferative effect
was achieved in a mouse model of MI by viral gene delivery of miRNAs (has-
miR199a-3p, has-miR-590-3p, miR-106b-25) (Eulalio et al., 2012; Raso et al., 2021)
or trough lipid emulsion delivery of synthetic miR302-367 (Tian et al., 2015). Recent
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evidence has shown that the intramyocardial administration of the pro-proliferative
miR199a-3p in infarcted pig results in effective tissue renewal with improved heart
function (Gabisonia et al., 2019). Although these data put the basis of new attractive
regenerative approaches, cardiac regeneration by the stimulation of the
endogenous capacity of cardiomyocyte to proliferate is still in infancy and needs to

overcome significant translational challenges.

An alternative to remuscularise the damaged myocardium is through cell therapy.
Putative stem cell therapy of various derivation has been tested for over a decade
for their presumed regenerative potential. However, to date no evidence exists that
any stem cell for the heart exists and can be used for regenerative purposes (Chien
et al., 2019; Eschenhagen et al., 2017). Cardiomyocytes can be generated from
embryonic stem cells or induced pluripotent stem cells and can be either injected
into the heart as cell suspensions (Chong et al., 2014; Y. W. Liu et al., 2018), or
after formation of engineered myocardial tissue (Tiburcy et al., 2017; Weinberger et
al., 2016; Zimmermann et al., 2006). However, administration of cells is highly
arrhythmogenic and implantation of 3D tissue patches is highly invasive and

requires open chest surgical intervention.

A more effective and intuitively more applicable approach would be to prevent the
loss of myocardial tissue immediately after damage rather than regenerating the
myocardium after damage has occurred. Considering that the loss of CMs during
MI can involve as many as 25% of the total 2-4 billion cells in the left ventricle (Murry
et al., 2006), preventing death becomes of paramount importance in light of the
difficulty of regenerating such a large number of cells. As already discussed in the
Introduction, some biotherapeutics such as VEGF, EPO and Serelaxin have already
showed significant efficacy counteracting cardiac dysfunction after Ml in preclinical
animal models. However, they have largely failed when moved to human trials,
possible due to the discrepancy between animal models and co-morbidities in
patients affected by CVDs.

Recently, our group has performed a fully unbiased, systematic, in vivo screening
in the ischemic heart named FunSel to search for cardioprotective factors. Cardiac
FunSel has identified three previously undescribed proteins (Chrdl1, Fam3b and

66



Fam3c) that showed powerful cardioprotective activity after Ml (Ruozi et al., 2022).
These factors exerted their beneficial action upon AAV overexpression in the left
ventricle, but also when released from the liver as circulating proteins. Noteworthy,
induction of cardiac autophagy and protection from apoptosis are common
mechanisms of action for Chrdl1, Fam3b and Fam3c, reinforcing the notion that
autophagy exerts a protective role after Ml (Sciarretta, Maejima, Zablocki, &
Sadoshima, 2018). Understanding the molecular mechanisms behind the
cardioprotective properties of these proteins is of great scientific interest, and
becomes crucial to improve the quality of the biotherapeutics derived from these
factors and to minimize the risk of any side effects when moving towards clinical

application.

While ChrdI-1 mainly protects the heart by blocking the negative effects of BMP4 on
CMs, inhibiting cardiac fibrosis and preventing pathological remodelling (Ruozi et
al., 2022), the molecular mechanisms that drive the beneficial effect of Fam3b and
Fam3c remain still poorly understood. These are two members of the Fam3 family
for which there is no information in relation to cardiac biology. Fam3b, also known
as PANcreatic DERIived factor (PANDER) is mainly expressed in the pancreas,
where itis involved in the regulation of glucose homeostasis and 3 cell function (Cao
et al., 2003; Robert-Cooperman et al., 2010). Fam3c, also called Interleukin-Like
Epithelial-to-mesenchymal transition Inducer (ILEI), is ubiquitously expressed in
human tissue and is involved in several biological processes including hepatic and
lipid metabolism, osteogenic differentiation, retinal laminar formation and brain
amyloid- B (AB) peptide production, as reviewed by Zhu and colleagues (Y. Zhu et
al., 2021). The secreted form of Fam3c protein was also found to be elevated in
conditioned media of cells activating the autophagic machinery (Kraya et al., 2015)
and in the secretome of doxorubicin resistant cells (Yao, Zhang, Chen, Hu, & Xu,
2011), suggesting a possible role of Fam3c as a player in resistance to

chemotherapy.

By studying the role of Fam3c in damaged CMs in vitro, we observed a remarkable
anti-apoptotic effect upon doxorubicin treatment, suggesting a protective role for this
protein not only after ischemia, as shown by Ruozi et al (Ruozi et al., 2022), but also
after anthracycline induced damage. Indeed, despite the great efficacy of
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doxorubicin for the treatment of several cancer types, the usage of this drug is
limited by its important cardiotoxicity. Different elements are shared between the
pathogenesis of ischemic damage and anthracycline cardiotoxicity, including DNA
damage, mitochondrial stress (Ichikawa et al., 2014; Suliman et al., 2007) and
accumulation of reactive oxygen species (Doroshow & Davies, 1986). Interestingly,
an impairment of autophagic flux was also previously reported in CMs upon
doxorubicin administration (D. L. Liet al., 2016). In this context, we found that Fam3c
induces CM autophagy, an essential mechanism to recycle dysfunctional organelles

damaged by oxidative stress or cardiotoxic agents.

Previous investigations on the Fam3c mechanism of action has revealed a role of
the Lifr-STAT3 axis in other cells than CMs (Woosley et al., 2019). STAT3 is a
transcription factor activated by phosphorylation, which promotes translocation of
the factor from the cytoplasm to the nucleus. In the heart, STAT3 activation
contributes to protect against MI, fibrosis, hypertrophy, hypertension, myocarditis
and diabetic cardiomyopathy (Harhous et al., 2019). Among the cardioprotective
mechanisms commonly attributed to STATS3, its subcellular localization pattern
affects apoptosis and autophagy. STAT3 is predominately localised in the cytoplasm
in resting cells, but its role as a DNA-binding transcription factor depends on its
ability to translocate into the nucleus. Concerning apoptosis, nuclear STAT3
upregulates anti-apoptotic proteins, suppresses transcription of pro-apoptotic genes
and regulates expression of growth factors (Harhous et al., 2019). Moreover,
nuclear STAT3 can fine-tune autophagy through transcriptional regulation of several
autophagy-related genes, while its cytoplasmic form inhibits the autophagic process
(You et al., 2015).

Our experiments revealed that, also in CMs, STAT3 is activated by Fam3c through
Lifr receptor complex. This conclusion is supported by our observation that the
downregulation of both gp130 and Lifr virtually abolish STAT3 phosphorylation and
nuclear translocation. However, despite our data also clearly show that Fam3c-
induced autophagy is not mediated by STAT3 activation, thus suggesting that this
effect might be mediated by additional mechanisms and by an unknown receptor.
In this context, a recent human binary protein interactome study reported the
interaction between Fam3c and Free fatty acid receptor 2 (FFAR2) (Luck et al.,
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2020), a G-coupled protein receptor mainly expressed in the gastrointestinal tract
with a moderate expression in the heart (A. Wang, Gu, Heid, Akers, & Jiang, 2009).
FFARZ2 regulates a vast variety of biological processes such as energy metabolism,
inflammation, intestinal cellular homeostasis and glucose metabolism
(Lymperopoulos, Suster, & Borges, 2022). Since Fenchol, a natural FFAR2 agonist,
increased lysosomal activity and reduced senescence in neuronal cells (Razazan
et al., 2021), a regulation of autophagic pathway by FFAR2 might not be excluded.
Further studies will be required to first evaluate whether Fam3c might interact with
FFAR2 in CMs and if this interaction might eventually correlate with the ability of the

factor to induce cardiac autophagy.

Our experiments based on the administration of an AAV9 vector expressing Fam3c
immediately after Ml have revealed that this factor reduces the extent of the infarct
scar and protects the heart against negative ventricular remodelling, as concluded
from echocardiographic monitoring of the treated animals over time and histological
analysis of the hearts at 1 and 2 months after MI. Since a role for endogenous
Fam3c in the heart has never been reported earlier, we were surprised to observe
that Ml itself induces expression of this factor in the heart, thus with a presumable
protective effect. To the best of our knowledge, this is the first study to demonstrate

that Fam3c transcription becomes upregulated following cardiac injury.

In the early time points after M, it is well established that TGF-8 signalling protects
the heart by repressing the expression of pro-inflammatory cytokines and mediating
resolution of the inflammatory infiltrate. In the last few years, a few studies
performed in different cell lines have reported that TGF-f signalling modulates
Fam3c expression (Chaudhury et al., 2010; Noguchi et al., 2017; X. Zhao et al.,
2018). However, to date there is no prove that this mechanism is conserved in
cardiac cells. Considering the similar trend observed between Fam3c and TGF-f3
after MI, we hypothesised that the increase of Fam3c could be driven by TGF-[3.
Our data showing increased Fam3c expression in cardiac fibroblasts following
recombinant TGF-f treatment further reinforced this hypothesis. Our current model,
which is shown in Fig. 24, envisages that the increased TGF-3 release in the
infarcted myocardium triggers the production of Fam3c by cardiac fibroblasts,
activating the pro-survival STAT3 pathway through the Lifr complex and promoting

69



cardiac autophagy through a still unidentified receptor. The ultimate outcome of

these combined effects is to limit CM death.
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Figure 24: Schematic representation of the mechanisms for Fam3c upregulation after
myocardial infarction. TGF- upregulation after myocardial infarction drives the conversion of
cardiac fibroblasts into myofibroblasts. TGF-3 signalling increases the production of Fam3c which,
as secreted factor, binds the Lifr-gp130 complex and other unknown receptor(s), activating pro-
survival STAT3 pathway, cardiac autophagy and limiting cardiac apoptosis. Parts of this figure were
created with BioRender.com.

We are well aware that further experimental evidence is needed to fully support this
model. First, the amount of Fam3c protein (in addition to its mRNA) after cardiac

injury still needs to be evaluated.

Second, total RNA extraction from cardiac tissue does not allow the identification of
the cell type responsible for increased Fam3c expression. Cardiac fibroblasts are
by far the most likely cell source for Fam3c, but this needs to be formally proven.
This is particularly relevant after MI, when neutrophils, mononuclear cells, dendritic
cells and lymphocytes sequential infiltrate the injured myocardium (J. Liu, Wang, &
Li, 2016). In this respect, however, it is worth noting that we also observed an
increase of Fam3c levels even when analysing cryoinjured EHT, a cardiac tissue
model that lacks the immune and inflammatory infiltrate. This further supports the
speculation that the increase of Fam3c after injury is most likely related to the
resident cardiac cell population. In this context, the use of single-cell RNA

sequencing will definitely shed light on the source of Fam3c.
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Third, we have no information on the relevance for cardiac repair of Fam3c
expression in the injured heart. We are currently awaiting the generation of a new
conditional knock out mouse in which we will be able to inactivate the Fam3c gene
in cardiomyocytes in both normal conditions and after MI. The use of this mouse will
generate definitive information on the role of Fam3c in the normal process of
myocardial repair after Ml and in other conditions of cardiac damage, including

anthracycline toxicity.

In conclusion, our data disclose both a novel, endogenous mechanism of response
to cardiac damage and a potential cardioprotective protein that could progress
towards clinical translation. The observation that Fam3c maintains its
cardioprotective activity even when expressed from the liver as a circulating protein
(Ruozi et al., 2022), supports the development of a recombinant factor that could be
administered to patients immediately after MI, with the intent to limit the massive CM

death due first to ischemia, and later to reperfusion.
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6. PUBLISHED PAPERS

Ruozi, G., Bortolotti, F., Mura, A., Tomczyk, M., Falcione, A., Martinelli, V., Vodret,
S., Braga, L., Dal Ferro, M., Cannata, A., Zentilin, L., Sinagra, G., Zacchigna, S.,
Giacca, M. 2022. Cardioprotective factors against myocardial infarction selected in

vivo from an AAV secretome library. Sci Transl Med 14, eabo0699.

Part of my PhD work has been dedicated to an in vivo study aiming to identify novel
cardioprotective molecules. In this context, our group has generated a library of
1198 barcoded AAV vectors encoding for the mouse secretome and developed
cardiac FunSel (cFunSel), a method for their in vivo unbiased selection ranking them
for efficacy against myocardial infarction (MIl). Among the selected proteins, Chordin
like 1 (Chrdl1), family with sequence similarity 3 member b and ¢ (Fam3b and
Fam3c) were the most effective factors sustaining cardiac function, preserving
cardiomyocyte viability and preventing pathological remodelling after MIl. Production
of secreted and circulating Chrdl1, Fam3c and Fam3b from the liver was also able
to protect the heart after MI, thus supporting the use of the three cardioprotectors

as recombinant proteins.

My contribution to this work:

e | contributed to factor characterization.

| contributed to evaluate the ability of the selected factors to modulate

autophagy.

o | verified effective transgene expression (both at mMRNA and protein level) in
the heart and in primary cardiomyocytes after AAV9 and AAV6 transduction,
respectively.

e | optimized and evaluated the effective production of overexpressed protein

in the liver and in the serum after liver-specific AAV vector injection.

e | took part in the revision process.
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